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Abstract 
Reproduction is a complex phenomenon that is fundamental to all living things. 
There is a plethora of strategies that animals utilise to reproduce. The uterine 
epithelium of viviparous mammals undergoes vast remodelling to accommodate the 
developing embryo. There are several levels of placental invasion in mammals that 
develop a placenta, based on the number of cell layers that separate the developing 
fetus and maternal blood stream. This thesis investigated whether there are common 
molecular changes to the uterine surface during pregnancy in Theria. I compared 
uterine remodelling across several phylogenetic groups with independent origins of 
endotheliochorial placentae to determine how this placenta type evolved. I tested the 
generality of uterine remodelling during pregnancy in the marsupial, Sminthopsis 
crassicaudata (Dasyuridae; the fat-tailed dunnart) and the eutherian, Felis catus 
(Felidae; the domestic cat) and Dipodomys merriami (Heteromyidae; Merriam’s 
kangaroo rat). I used Transmission and Scanning Electron Microscopy to study the 
ultrastructural changes to the uterine epithelium during pregnancy. I used 
immunofluorescence microscopy and Western blotting to show that there are 
common changes to the distribution of key lateral adhesion molecules, desmoglein-2 
and E-cadherin to facilitate the formation of the placenta. I confirmed that 
desmosomes and the adherens junction redistribute and break down at attachment 
during marsupial pregnancy. I also showed that the same ultrastructural and 
molecular changes to the uterine epithelium are seen in eutherian species which 
represent separate lineages of endotheliochorial placentation. I was the first to 
identify a plasma membrane transformation during pregnancy in Dipodomys 
merriami, a rodent species which represent a recent evolution of endotheliochorial 
placentation within Rodentia. I determined the effect of the reproductive hormones, 
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progesterone and 17β-oestradiol on the reproductive tract of Sminthopsis 
crassicaudata, concluding that the plasma membrane transformation is regulated by 
the same hormonal mechanisms among therian species. The conclusions from this 
thesis support the theory that uterine remodelling and the plasma membrane 
transformation are crucial for successful pregnancy in viviparous mammals with 
commonalities in molecular and morphological changes among species.  
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Chapter 1 – General Introduction 
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Reproduction is a complex physiological process that is crucial for species survival. 
Reproductive strategies range from asexual to sexual reproduction (Lombardi, 1998). 
One such strategy, viviparity, or the birth of live young, has evolved from the ancestral 
state of oviparity, the laying of eggs (Blackburn, 2015). There are many independent 
origins of viviparity in vertebrates.  Viviparity is futher differentiated by the method of 
providing nutrients to offspring among viviparous species (Blackburn, 1992). The 
formation of a placenta is one such method where the placenta functions to transfer 
nutrients from mother to fetus (placentotrophy) and transfer waste from the fetus to the 
mother (Mossman, 1987). Despite having the same overarching function, there are many 
different types of placentation within placentotrophic vertebrates (Grosser 1927; Carter 
and Enders, 2004) and many morphological changes that occur to the uterus during 
pregnancy to facilitate the formation of the placenta (reviewed in Murphy 2004). These 
changes are regulated in complex ways, but are controlled by similar hormonal 
mechanisms (Amoroso et al., 1980; Lombardi, 1998; Goodman, 2009).  
Despite the diversity of forms of placentation there are striking similarities in the 
changes that occur to the epithelium that lines the uterus and is the first point of contact 
between the blastocyst and maternal tissue leading to implantation (Murphy et al., 2000). 
These changes to the uterine epithelium are collectively termed the plasma membrane 
transformation (PMT; Murphy, 2004). This thesis investigates the morphological and 
molecular changes to the uterine epithelium preceding implantation in multiple Therian 
species that share a broad placentae type (endotheliochorial placenta), but which 
represent different phylogenetic origins of this placental form. I aim to identify the 
commonalities and constraints of these cellular changes to understand the evolution of 
placentation more generally among vertebrates.  
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1.1 Reproduction in vertebrates 
Sexually reproducing vertebrates, have a range of reproductive strategies from external 
fertilization after the deposition of gametes into water, as occurs in some frogs and fish, 
to internal fertilization and giving birth to live young, as occurs in most mammals 
(Blackburn, 1992). Ovuliparity (females deposit oocytes into the environment to be 
externally fertilized) is the most basic reproductive mode (Lode, 2012). Most land 
breeding vertebrates have internal fertilization, yet embryonic development in some 
occurs within an egg shell outside of the mother’s body (oviparity) (Lode, 2012). 
Oviparity (the production of eggs that develop outside of the mother) is present in all 
birds, most reptiles, fishes, amphibia and monotremes, but some reptiles, fishes, 
amphibia and most mammals retain the embryo inside of the mother during development 
until parturition (viviparity; Blackburn, 2015).  
The Amniota is an evolutionary clade of tetrapod vertebrates that contains the reptiles, 
birds and mammals (Ferner and Mess, 2011). Their embryos have four extra-embryonic 
membranes, the amnion (protect the embryo), chorion and allantois (for exchange of 
gases, water and waste) and the yolk sac (for supply of nutrients) (Luckett, 1977; Ferner 
and Mess, 2011). In both oviparous and viviparous amniote species, development of the 
embryo occurs in part of the oviduct, usually the uterus, with the formation of the extra-
embryonic membranes to provide nutrition and waste removal for the developing 
embryo. These membranes are modified to form the placenta in viviparous species 
(Blackburn, 1992). There is diversity in the way that amniotes provide nutrition to their 
developing embryos (reviewed in Blackburn, 1992). Lecithotrophy is a form of nutrient 
provision where the developing embryo receives all nutrients from the yolk sac within 
4 
  
the egg. Matrotrophy refers to the maternal provision of nutrients by means other than 
the yolk, usually through glandular secretions or a placenta (placentotrophy). Both 
lecithotrophy and matrotrophy occur in oviparous and viviparous amniote vertebrates 
(Blackburn, 2015). All extant mammals (including monotremes) are matrotrophic, 
suggesting that this form of nutrient provision arose before the evolution of viviparity in 
mammals, as monotremes are oviparous (Blackburn, 2015). The combination of the two 
forms (viviparous matrotrophy) is the most derived reproductive form in amniote 
vertebrates (Lode 2012). 
1.1.1 Viviparity 
Viviparity has originated independently in more than 150 vertebrate lineages 
(Blackburn, 1992; reviewed in Blackburn, 2015). It has 115 origins in squamate reptiles, 
13 origins in bony fishes, 9 origins in elasmobranchs, but only one origin in mammals 
(reviewed in Blackburn, 2015) and has evolved in every extant vertebrate class except 
birds and jawless fish  (Meyer and Lydeard, 1993). The evolution of live birth was 
dependent on the evolution of internal fertilization and strategies to provide appropriate 
nutrition to the developing offspring (Wourms and Lombardi, 1992; Pires et al., 2011). 
The development of fewer eggs and an increased size of eggs may provide a selective 
advantage for this reproductive form (Selwood and Johnson, 2006; Pires et al., 2011). 
The transfer of nutrients through the placenta is a distinct and derived form of 
matrotrophy (placentotrophy; Blackburn, 1992; 2014), occurring in both eutherians and 
marsupials (Mess and Ferner, 2010). All marsupials develop a superficial choriovitelline 
placenta forming from the yolk sac and the ectoderm (Sharman, 1961; Renfree, 2010; 
Mess and Ferner, 2010). However, some marsupial species also develop an invasive 
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chorioallantoic placenta similar to eutherian placentas, which forms from the allantois 
and the chorion (chorioallantoic placenta; Mess and Ferner, 2010). The placenta is an 
integration of maternal and embryonic tissues that provide an efficient exchange of 
metabolites and hormones and a protective barrier between the two circulatory systems 
to prevent immune rejection of the fetus (Mess and Carter, 2007; Ferner and Mess, 
2011; PrabhuDas et al., 2015). 
1.1.2 The mammals   
There are 2 subclasses, 29 orders and 153 families within the Mammalia (Wilson and 
Reeder, 2005). These subclasses are distinguished from one another by differences in 
their mode of reproduction and reproductive anatomy (Parker, 1977). Theria (eutherians 
and Metatheria- marsupials) diverged from the Prototheria (monotremes) about 166 Mya 
(Luo et al., 2011). The three extant species of monotremes are the only egg laying 
mammals. Eutherians and marsupials diverged around 140 – 180 Mya (Meredith et al., 
2011; Ferner et al., 2017). Despite sharing a common ancestor, different reproductive 
strategies have evolved within these therian groups (Mess et al., 2003). Eutherians 
usually provide the most maternal investment during an extended gestation ranging from 
16 - 660 days (Mess and Ferner, 2010; Ferner et al., 2014). In comparison, marsupials 
have short gestations ranging from 10.5 - 36 days (Renfree, 1994; Tyndale-Biscoe, 
2001; Freyer et al., 2003; Renfree, 2010). Marsupials give birth to highly altricial 
neonates with most development occurring after parturition during a prolonged lactation 
period (Selwood and Woolley; 1991; Ferner and Mess, 2011; Ferner et al., 2017). All 
therians form a placenta during pregnancy, but the level of maternal investment is higher 
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during gestation in eutherians and higher during lactation in marsupials (Renfree et al., 
2009; Ferner and Mess, 2011).  
1.2 Placentation 
The placenta is the conduit for the transfer of nutrients from mother to fetus and for the 
transfer of wastes from the fetus to the mother (Mossman, 1987). Placentation has 
evolved more than 140 times in each superclade of invertebrates (Ostrovsky et al., 
2016), at least 115 times in reptiles (Blackburn, 2015), and despite the great diversity in 
structure of the mammalian placenta, only once in mammals (Lillegraven, 1979). In 
some mammals, the yolk sac placenta (choriovitelline placenta) is only functional during 
the early post-implantation period before the development of the allantoic circulation. 
The allantois and the chorion then fuse to form a chorioallantoic placenta in some 
eutherians (Furukawa et al., 2014; Carter and Martin, 2010). In Rodentia, Chiroptera, 
Eulipotyphla and Logomorpha the yolk sac continues to function with the 
chorioallantois throughout pregnancy (Mossman, 1987; Freyer and Renfree, 2009). In 
contrast, the yolk sac forms the definitive placenta in all marsupials, although some 
species also have fusion of the chorion and allantois (Freyer et al., 2003; Padykula and 
Taylor, 1976).  
Histological structure is used to define three placental types based on the number of cell 
layers that separate the developing fetus and maternal blood stream (Grosser 1927); 
haemochorial, epitheliochorial and endotheliochorial. The degree of attachment of 
chorioallantoic membranes with maternal tissues varies from least contact in the 
epitheliochorial placenta to deep invasion of the maternal tissue in haemochorial 
placentation (Figure 1).  
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There is variation in both placental morphology and invasiveness among mammals. 
Mammals are categorised into the different forms of placentae based on morphology or 
invasiveness (Table 1). The classification of the placenta based on gross morphology 
refers to the area available for maternal-fetal exchange (reviewed in Furukawa et al., 
2014). The main categories include diffuse (formation of villous placental regions across 
all of the uterine luminal epithelium), cotyledonary (spot like placental regions known as 
caruncles), zonary interdigitation forming a belt around the chorionic sac) and discoid 
(single or double [bidiscoid] disc shaped placenta) (reviewed in Furukawa et al., 2014). 
In contrast, differences in invasiveness or attachment in marsupials have been attributed 
to the necessity of the embryo to gain nutrients from a combination of uterine secretions 
and/or the maternal blood stream (Freyer et al., 2003). A shell membrane is present 
around the embryo during early pregnancy in all marsupials, which prevents direct 
contact between the yolk sac and the uterine epithelium, but allows small molecules to 
pass to the developing embryo (Freyer and Renfree, 2009).The shell membrane 
degenerates during late pregnancy in marsupials, allowing the yolk sac to be in direct 
contact with the uterine epithelium. Uptake of nutrients and gas exchange is then 
possible through the fetal blood circulation (Freyer et al., 2003).  
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Figure 1: The differing levels of invasion during placentation is based on the number of 
cell layers that separate the developing fetus and maternal blood stream at the points of 
attachment or implantation. Epitheliochorial: there is no invasion of the maternal uterine 
epithelium by the chorionic epithelium. Endotheliochorial: the chorionic epithelium 
invades through the maternal uterine epithelium at attachment points. Uterine epithelium 
can still be present at non-attachment points. Haemochorial: embryonic tissue invades 
through the maternal uterine epithelium and the endothelium having direct contact with 
the maternal blood supply. Adapted from Wildman et al. (2006), Moffett and Loke 
(2006), Montiel et al. (2013) and PrabhuDas et al. (2015); Roberts et al. (2016).  
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Placenta type 
Maternal-Fetal 
barrier 
Order Family 
Epitheliochorial 
Non-invasive. 
No penetration 
of maternal of 
fetal tissue. 
Reptilia (Lepidosauria) 
Squamata Scincidae – all viviparous 
species excluding 
Trachylepis species 
Mammalia (Metatheria) 
Diprotodontia Macropodidae and 
Phalangeridae 
Mammalia (Eutheria) 
Sirenia  
Primates 
 
 
 
 
Pholidota 
Perissodactyla 
 
Cetartiodactyla  
 
Dugongidae 
Suborder Strepsirhini: 
Cheirogaleidae, Lemuridae, 
Lepilemuridae, Indriidae, 
Daubentoniidae, Lorisidae 
and Galagidae 
Manidae 
Equidae, Tapiridae, 
Rhinocerotidae 
Suidae, Tayassuidae, 
Hippopotamidae, Camelidae, 
Tragulidae, Moschidae, 
Cervidae, Antilocapridae, 
Giraffidae, Bovidae, 
Delphinidae, Monodontidae, 
Phocoenidae 
Endotheliochorial 
Partly invasive. 
Fetal cells 
invade maternal 
epithelium. 
Reptilia (Lepidosauria) 
Squamata  Scincidae -  Trachylepis 
ivensi 
Mammalia (Metatheria) 
Didelphimorphia 
Dasyuromorphia 
Peramelemorphia 
Diprotodontia  
 
Didelphidae 
Dasyuridae 
Peramelidae 
Vombatidae, Phascolarctidae 
and Acrobatidae 
Mammalia (Eutheria) 
Tubulidentata 
Sirenia 
Afrosoricida 
Proboscidea 
Pilosa  
Scandentia 
Rodentia 
 
 
 
 
Eulipotyphla   
Chiroptera 
 
Orycteropodidae 
Trichechidae  
Some Tenrecidae 
Elephantidae 
Bradypodidae 
Tupaiidae 
Suborder: Castorimorpha 
(Heteromyidae), 
Anomaluromorpha 
(Pedetidae), and some 
Sciuromorpha (Sciuridae) 
Soricidae and Talpidae 
Rhinolophidae, 
Rhinopomatidae, 
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Table 1: The differing levels of invasiveness of placenta type and the marsupial, reptile 
and eutherian Orders in which they occur. Taxonomy is according to Wilson and Reeder 
(2005), and family name without a qualifier (eg. some) indicates that the particular 
placental form has been found in all species from that family that have been studied.  
Placentae type was adapted from Hughes, (1974); King, (1993); Flemming and 
Blackburn, (2003); Freyer et al., (2003); da Silva et al., (2007), Elliot and Crespi, 
(2009); Blackburn and Flemming, (2009); Carter and Martin, (2010); Blackburn and 
Flemming, (2012); Enders and Carter, (2012a; b); Carter and Enders, (2004); (2013); 
Carter and Mess, (2013). 
 
 
 
 
 
 
Carnivora  
Emballonuridae, Nycteridae, 
Myzopodidae, Natalidae 
Most Feliformia and 
Caniformia 
 
 
 
 
 
 
 
Haemochorial 
Highly invasive. 
Only 
extraembryonic 
tissue form a 
barrier between 
circulatory 
systems. 
Mammalia (Eutheria) 
Afrosoricida  
 
Macroscelidea 
Hyracoidea  
Cingulata  
 
Pilosa  
Dermoptera  
Primates  
Rodentia 
 
 
 
 
Lagomorpha 
Eulipotyphla  
Chiroptera  
 
 
Carnivora 
Chrysochloridae and some 
Tenrecidae 
Macroscelididae 
Procaviidae 
Chlamyphoridae and 
Dasypodidae 
Myrmecophagidae 
Cynocephalidae 
Suborder: Haplorhini 
Suborder: Myomorpha, 
Caviomorpha and 
Hystricomorpha rodents and 
some Scuiuromorpha 
(Sciuridae) 
Leporidae 
Erinaceidae 
Molossidae, 
Vespertilionidae, 
Pteropodidae 
Hyaenidae 
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1.2.1 Haemochorial and epitheliochorial placentation 
The most invasive form of placentation, haemochorial, involves the breaching of 
maternal epithelium, underlying connective tissue and maternal endothelial cells, which 
results in the chorion of the trophoblast having direct contact with the maternal blood 
(Grosser 1927; Amoroso, 1952). The least invasive placenta type, epitheliochorial 
placentae, has no invasion of the trophoblast into the maternal uterine epithelium. 
Instead the trophoblast and maternal epithelium are closely apposed during gestation 
(Amoroso 1952). There are differences in placental type within some mammalian orders, 
for example within the Primates where monkeys, apes and tarsiers have haemochorial 
placentation, whereas lemurs represent an independent origin of epitheliochorial 
placentation (Carter et al., 2013; Table 1).  
1.2.2 Endotheliochorial placentation 
The endotheliochorial type involves the invasion of the maternal uterine epithelium and 
connective tissue following implantation by the trophoblast (Grosser, 1927; Amoroso, 
1952), forming one maternal layer and three fetal layers (Enders and Carter, 2012a). 
Endotheliochorial placentation occurs in 10 eutherian and 5 marsupial orders, making it 
an ideal placental form for the study of comparative placentation among mammalian 
species (Enders and Carter, 2012a, table 1). There are many independent transitions to 
this placenta type within Theria. For example, the rodent genera Dipodomys and Pedetes 
represent two independent transitions to endotheliochorial placentation from 
haemochorial placentation (Mess and Carter, 2009; Carter et al. 2013).  
Endotheliochorial placentation is present in species from all four major clades of 
eutherian mammals through convergent evolution (Enders and Carter, 2012a; Figure 2). 
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A transitionary endotheliochorial placenta can form before the development of a 
definitive haemochorial placenta in some eutherian species such as the spotted hyena 
Crocuta crocuta (Enders and Carter, 2012b). All other members of Carnivora that have 
been studied form a definitive endotheliochorial placenta (Carter and Mess, 2017). 
Endotheliochorial placentation is also present in marsupials, including species in the 
families Didelphidae (Gray short-tailed opossum; Monodelphis domestica), Acrobatidae 
(Feather tailed possum; Distoechurus pennatus), Vombatidae (Common wombat; 
Vombatus ursinus) and Dasyuridae (Fat tailed dunnart; Sminthopsis crassicaudata) 
(Figure 3; Freyer et al., 2003). Further research is needed to determine whether there are 
common mechanisms that underpin the development of an endotheliochorial placenta 
among the mammalian lineages in which this placental type has evolved independently.  
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Figure 2: The phylogenetic relationship between eutherian groups showing their 
placental type. Red represents epitheliochorial placentation, blue represents 
endotheliochorial placentation, black represents haemochorial placentation. Orders are 
shown for all groups with family shown where there are differences within orders. The 
branch nodes and length were adapted from Wildman et al., (2006). The occurrence of 
placental type in each order was adapted from Mess and Carter, (2007); Mess, (2014); 
Enders and Carter, (2012a).   
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Figure 3. The phylogenetic relationship between marsupial groups showing their 
placental type. Red represents epitheliochorial placentation, blue represents 
endotheliochorial placentation, unknown placentation is shown with double black lines. 
Family is shown for all groups with Order shown on the right. Asterisks indicate 
controversy over the level of placental invasion within the literature. The branch nodes 
and length were adapted from May-Collado et al. (2015). The occurrence of placentae 
type in each order was adapted from Luckett et al. (1984) and Freyer et al. (2003).  
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1.3 Uterine cellular changes during pregnancy in mammals 
Following fertilisation, the blastocyst attaches by apposition to the luminal surface of the 
uterine epithelium (reviewed in Carson et al., 2000). The uterine luminal epithelium is 
the first site of contact between fetal and maternal tissues and so must undergo 
specialised changes to become receptive to attachment of the blastocyst (Figure 3). The 
uterus of the laboratory rat becomes receptive to the implanting blastocyst on day 5 of 
pregnancy following the synchronisation of embryonic development and hormone 
dependent changes to the uterine epithelium (Psychoyos, 1973; Yoshinaga, 1988). 
 
Figure 3: The uterine epithelium is the first point of contact between maternal tissue and 
the blastocyst. Adapted from Huppertz, (2008).  
The uterine surface undergoes significant remodelling to allow for successful 
implantation of the trophoblast (Buck et al., 2012). This remodelling, collectively termed 
the ‘plasma membrane transformation’ (PMT, Figure 4), occurs regardless of the 
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placental type that follows (Murphy, 2004) in viviparous lizards and eutherian mammals 
(Murphy et al., 2000). There are similarities in morphological and molecular changes in 
viviparous species during the PMT (Murphy et al., 2000) and common changes in the 
expression of some molecules in the plasma membrane of uterine epithelium throughout 
pregnancy among the viviparous mammals, which suggests that shared molecular 
mechanisms play an important role in successful attachment of the blastocyst across 
species studied so far (Murphy, 2004; Murphy et al., 2000). 
 
Figure 4: Summary of changes to uterine epithelial cells during pregnancy a) an 
epithelial cell before the plasma membrane transformation (PMT) when the uterus in 
non-receptive to attachment of the blastocyst b) the same cell after the PMT when the 
uterus is receptive to attachment of the blastocyst (modified from Murphy, 2004). 
 
Nuclei 
Nuclei 
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1.3.1 Cytoskeleton changes 
The terminal web is part of the cytoskeleton in the apical portion of the epithelial cell. It 
is composed of filamentous actin, which anchors the microvilli on the luminal surface of 
the cell to the apical cell membrane (Luxford and Murphy, 1992). Actin is an important 
protein found in all eukaryotic cells, playing an important role in the redistribution and 
attachment of cells for the remodelling of the uterine epithelium and formation of a 
placenta during pregnancy (Terry et al., 1996). The cytoskeleton of the uterine epithelial 
cells undergo remodelling with the terminal web being replaced with a thin, irregular 
band of actin facilitated by the redistribution of actin crosslinking protein Filamin A at 
the time of implantation (Luxford and Murphy, 1992; Moore et al., 2016; Madawala et 
al., 2016). 
1.3.2 Apical plasma membrane changes 
Viviparous mammals show characteristically similar changes to the surface of the 
uterine epithelium during early pregnancy (Murphy, 2000a). Epithelial cells have long 
thin microvilli during the first few days of pregnancy, typical of a normal epithelial cell. 
However, as progesterone and oestrogen increase during early pregnancy, the microvilli 
are replaced with shorter, irregular microvilli until they are lost completely when the 
uterus is receptive to attachment of the blastocyst in rats and mice (Schlafke and Enders, 
1975; Luxford and Murphy, 1989). These changes are under maternal control and can be 
induced by ovariectomising rats and administering exogenous hormones without the 
presence of a blastocyst (Png and Murphy, 2000). An adhesion molecule, CD43 
relocates from the basal plasma membrane at day 1 of pregnancy to the apical plasma 
membrane at the time of implantation, possibly facilitating blastocyst attachment (Lecce 
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et al., 2010). Attachment is also aided by the reduction in the glycocalyx of the uterine 
epithelium and an increase in the presence of mucins at the apical cell surface (Poon et 
al., 2013a). In many eutherian species e.g., pig, rat, cat, bat, horse and rabbit, the pre-
implantation period is characterised by the loss or reduction of microvilli on the uterine 
epithelial cells, leaving a smooth, flat surface for blastocyst attachment (Potts and 
Racey, 1971; Gopalakrishna and Karim, 1979; Allen et al., 1973; Dantzer, 1985; 
Winterhager and Denker, 1990; Leiser and Koob, 1993; Murphy et al., 2000; Murphy, 
2004). Similar changes occur in viviparous lizards (Murphy and Thompson, 2011; 
Murphy et al., 2000) and a marsupial, the fat-tailed dunnart, Sminthopsis crassicaudata 
(Laird et al., 2014; Roberts and Breed, 1994a; b). 
Large, smooth projections form along the apical plasma membrane of uterine epithelium 
during the period of uterine receptivity in some eutherian species. These projections, 
which are progesterone dependent in many eutherian species, including humans, rabbits, 
camels and laboratory rats (Abd-Elnaeim et al., 1999; Parr and Parr, 1982; Nikas and 
Psychoyos 1997; Murphy, 2000b), are known as pinopods in rats due to their pinocytotic 
function. However, in humans, cows and rabbits the pinopod like structures do not show 
pinocytotic function, instead containing organelles such as mitochondria and nuclei, so 
they are called uterodomes (Dockery et al., 1997; Guillomot and Guay, 1982; Parr and 
Parr, 1982; Murphy, 1995; Murphy, 2000b). 
1.3.3 Basal plasma membrane changes  
The basement membrane anchors the uterine epithelial cells to the underlying connective 
tissue. The basement membrane of uterine epithelial cells contains protein complexes 
that connect the actin cytoskeleton of epithelial cells to the extracellular matrix (LeBleu 
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et al., 2007). Adhesion is reduced between the uterine epithelial cells and the underlying 
basal lamina to allow for the blastocyst to invade through the underlying stroma during 
early pregnancy in species with invasive placentation (Enders and Schlafke, 1969). The 
basal lamina increases in depth in rats, rabbits and humans (Shion and Murphy, 1995; 
Marx et al., 1990; Dockery et al., 1998) and the basal plasma membrane increases in 
tortuosity (Shion and Murphy, 1995). There is a loss of focal adhesions and intercellular 
adhesion molecules (ICAM-2) with changes in distribution of β-integrins, talin and 
paxillin in species with haemochorial placentation, such as rats and humans (Shion and 
Murphy, 1995; Kaneko et al., 2008; Kaneko et al., 2011; Lecce et al., 2013) and species 
with endotheliochorial placentation such as the fat-tailed dunnart (Laird et al., 2014). 
There is recruitment of the focal adhesion protein talin to the basal plasma membrane in 
the marsupial brushtail possum and tammar wallaby, which have non-invasive 
placentation, suggesting that reinforcement of the uterine epithelium defends against 
invasion by the blastocyst in these species (Laird et al., 2017). Ovarian hyperstimulation 
in rats prevents the breakdown of focal adhesions in the basal membrane, contributing to 
the low rate of implantation success after treatments (Dowland et al., 2017). 
1.3.4 Lateral plasma membrane changes 
Tight junctions occur along the lateral plasma membrane of epithelial cells. They 
regulate the passage of molecules, ions and membrane proteins between cells (Anderson 
and Van Itallie, 2009). Tight junctions between uterine epithelial cells increase in depth 
and complexity during pregnancy in rats, rabbits, pigs, humans and the fat-tailed dunnart 
(Murphy et al., 1982b; Winterhager and Kujnel, 1982; Johnson et al., 1988; Murphy et 
al., 1992; Laird et al., 2014). There is a decrease in tight junction transmembrane protein 
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Claudin-7 and a shift in Claudin-3 to the apical plasma membrane indicating that there is 
a reduction in tissue stability and regulation of the tight junctions at the time of 
implantation in the laboratory mouse and rat (Poon et al., 2013b; Schumann et al., 2015). 
Nectin-3 is also recruited to the tight junction contributing to its formation (Poon et al., 
2016). Gap junctions form along the basal region of the lateral plasma membrane in 
response to the presence of the blastocyst during the time of receptivity for implantation 
in rabbits, rats and humans (Winterhager et al., 1993; Wang and Schneider, 1991). 
Cadherin is a calcium dependent adhesion molecule that is crucial to the transition of 
epithelial cells during early pregnancy (Takeichi, 1995; Van Roy and Berx, 2008). In 
eutherian species, such as rats and mice, actin and adhesion proteins, especially 
cadherins, decrease in expression in the uterine epithelium during the pre-implantation 
period. Adherens junctions are attached to the actin cytoskeleton by catenin proteins, 
which join to the cell adhesion cadherin molecules, allowing for cell to cell adhesion 
(Wu et al., 2011; Figure 5). Epithelial cadherins (E-cadherins) are dependent on calcium 
ions to form the adherens junctions (Takeichi, 1995). There is a complete breakdown of 
the adherens junction and loss of the terminal web in laboratory rats preceding 
implantation (Murphy, 2000a). A ubiquitous cadherin probe, pan-cadherin, concentrates 
to the apical plasma membrane at implantation, suggesting that cadherin proteins 
contribute to the close apposition of the uterine lumen during implantation in the 
laboratory rat (Hyland et al., 1998). Plakoglobin (a protein found within both classical 
and desmosomal cadherins) shifts to the apical portion of the lateral plasma membrane at 
implantation in rats (Orchard et al., 1999).  
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Figure 5: The structure of the adherens junction in the lateral plasma membrane (dark 
blue) of uterine epithelial cells. The cadherins bridge the extracellular space between 
two opposing plasma membranes to join to actin.  
There is a decline in E-cadherin mRNA expression during the receptive phase of 
pregnancy in the uterine epithelium of the laboratory rat coinciding with the loss of the 
adherens junction and implantation of the blastocyst (Bagchi et al., 2001). 17β-oestradiol 
injections in ovariectomised mice lead to extracellular cleavage of E-cadherin in the 
uterine epithelium, suggesting that oestrogens promote the disruption of epithelial 
integrity during pregnancy (Potter et al., 1996). Progesterone upregulates E-cadherin 
mRNA in the mouse uterus (MacCalman et al., 1994). However, E-cadherin and -
catenin localise apically during the early luteal phase (Buck et al., 2012), when epithelial 
cells become receptive to implantation and progesterone concentrations are high in 
human endometrium (Denker 1993). The adherens junction does not break down after 
ovarian hyperstimulation, possibly due to the substantial increase in oestrogens secreted 
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by each follicle, which subsequently reduces implantation success in the laboratory rat 
(Dowland et al., 2016).  
The macula adherens junctional complex, known as a desmosome, is made up of 
transmembrane proteins that allow cell to cell adhesion (Figure 6). Desmosomes are 
adhesion structures that hold cells together along the lateral plasma membrane of 
epithelial cells, providing structural integrity to the tissue (Biazik et al., 2010; Preston et 
al., 2004). They appear as spot-like adhesions and are randomly arranged along the 
lateral plasma membrane of epithelium. There are multiple desmosomal cadherin 
isoforms, although it is not known why they differ in location and structure (Garrod and 
Chidgey, 2008). Desmoglein-2 and desmicollin-2 are expressed in all desmosome 
containing tissues, whereas expression of other desmosomal cadherins is tissue-specific 
and restricted to stratified epithelial cells (Garrod and Chidgey 2008).  
Figure 6: The structure of a macula adherens junctional complex, or a desmosome, in 
the lateral plasma membrane (dark blue) of uterine epithelial cells. The desmoglein of 
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one cell joins with the desmocollin of the opposing cell which adheres to the 
cytoplasmic plaque and actin filaments of the cell. 
There is a decrease in desmosomal protein expression and number of desmosomes 
between uterine epithelial cells before implantation in rats, mice and viviparous lizards, 
suggesting that there is a reduction in adhesion between epithelial cells to allow for 
invasion by the trophoblast and development of the fetal-maternal membranes for 
placentation (Biazik et al., 2010; Illingworth et al., 2000; Preston et al., 2004). There is 
also a redistribution of remaining desmosomes to the apical region of the lateral plasma 
membrane (Illingworth et al., 2000; Preston et al., 2004; Wu et al., 2011). Similarly, the 
desmosomal proteins; desmoplakin and desmoglein-2 localise apically during the early 
luteal phase in human endometrial tissue (Buck et al., 2012).  
There are similarities in how the uterine epithelium remodels in preparation for the 
development of the placenta in marsupials and eutherians (Laird et al., 2014; Dudley et 
al., 2015; 2017). This remodelling, or plasma membrane transformation, includes the 
flattening of the apical surface with the loss of microvilli and a loss of lateral adhesion 
with the breakdown of the adherens junction and a reduction in the number of 
desmosomes (Murphy et al., 2000; Laird et al., 2014; Dudley et al., 2015; 2017). There 
appear to be common mechanisms underpinning implantation in both eutherians and 
marsupials, but it is unknown whether these molecular patterns have evolved 
convergently within these groups or were present in their common ancestor. Studies that 
determine these changes within animals from independent origins of endotheliochorial 
placentation could elucidate how implantation and placentation evolved in therians.  
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1.4 Hormones during pregnancy 
All vertebrates have the same suite of reproductive hormones (Amoroso et al., 1980; 
Renfree, 1994; Lombardi, 1998; Christensen et al., 2012). The oestrous cycle and 
pregnancy are controlled by similar endocrine function, by the hypothalamus and 
pituitary with the production of the gonadotrophic hormones follicle stimulating 
hormone (FSH) and luteinising hormone (LH). FSH and LH stimulate the production of 
steroid hormones from the gonads; oestrogens and progesterone in the female. Most 
eutherians and marsupials are seasonal breeders with a short oestrous cycle stimulated 
by changes in day length, but some mammals, such as lagomorphs and cats are induced 
ovulators with stimulation of the vagina during mating leading to ovulation (Lombardi, 
1998). Most female mammals undergo a reproductive cycle that is controlled by 
follicular development in the ovary (Arck et al., 2007). Circulating concentrations of 
oestrogens are high at ovulation when the female is receptive to mating, and then it 
declines throughout most of pregnancy, except for a transient increase preceding 
implantation (Yoshinaga et al 1969). Circulating concentrations of progesterone are low 
during the oestrous cycle but increase following fertilization, remaining high throughout 
gestation if the corpus luteum remains and pregnancy progresses (Kalra and Kalra, 1974; 
Wiest, 1970; Hughes, 1962; Arck et al., 2007; Bradshaw and Bradshaw, 2011). The 
trophoblast increases its production of progesterone as the corpus luteum reduces 
secretion in eutherian species (Goodman, 2009). 
1.4.1 Progesterone 
Progesterone is a steroid hormone that plays a crucial role in pregnancy. Steroid 
hormones penetrate cell membranes and bind to receptors specific to each hormone 
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(reviewed in Wang et al., 2017). Circulating progesterone is upregulated during 
pregnancy due to an increase in progesterone secretion by the corpus luteum (Lombardi, 
1998). The effect of progesterone is amplified when combined with oestrogens as 
oestrogens upregulate the expression of progesterone receptors (Reviewed in Spencer 
and Bazer, 2002). High concentrations of progesterone during early pregnancy 
contribute to the remodelling of the uterine epithelial cells to have a secretory 
morphology with columnar epithelium and basally located nuclei in both eutherian and 
marsupial pregnancy (Patel et al., 2015; Bradshaw and Bradshaw, 2011; Psychoyos, 
1973; Yoshinaga, 1988).  
1.4.2 Oestrogens 
Oestrogen is a major group of gonadocorticoids with the three major endogenous forms 
being oestrone (E1), 17-oestradiol (E2) and oestriol (E3) (Baker, 2013; Kuiper et al., 
1997). In female mammals, follicle stimulating hormone promotes the production of 
oestrogens by the ovaries through binding to the oestrogen receptor (ER), inducing 
ovulation. Oestrogens are also produced by the placenta during eutherian pregnancy 
(Nelson and Bulun, 2001). In combination with progesterone, oestrogens promote the 
remodelling of uterine epithelium for implantation of the blastocyst (Paria et al., 1993; 
Tranguch et al., 2006; Young, 2013). Oestrogens initiate the hypertrophy and 
hyperplasia of the uterine epithelium and underlying stroma (Psychoyos, 1973; 
Yoshinaga, 1988; Tranguch et al., 2006). 17β-oestradiol is the predominant acting 
oestrogen during the reproductive cycle of eutherians. It stimulates the growth of the 
endometrium and increases sodium and water retention within the kidney leading to an 
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increase in blood flow to the uterus (Resnik et al., 1974; Christy and Shaver, 1974; 
Chang and Zhang, 2008; Honnens et al., 2011; Pastore et al., 2012).  
1.4.3 Hormonal control of receptivity 
The PMT is initiated by the presence of the female reproductive hormones 17β-
oestradiol and progesterone in the laboratory rat (Preston et al, 2004; Lindsay & 
Murphy, 2006). The ‘window of receptivity’ is dependent on the physiological presence 
of progesterone and 17β-oestradiol coinciding with the development of the blastocyst 
(Bazer et al., 2009). In the Stripe-faced dunnart (Sminthopsis macroura), circulating 
progesterone concentrations are maintained during pregnancy with a rise in 17β-
oestradiol at the time of uterine receptivity, a few days before parturition (Menkhorst et 
al., 2009).  Oestrogens secreted by the developing follicle lead to an increase in number 
and size of uterine epithelial cells which undergo differentiation when exposed to 
progesterone secreted by corpura lutea (Dey et al., 2004; Cha et al., 2012). Oestrogens 
also stimulate the growth and development of uterine glands and increase blood flow 
and blood vessel development to the uterus (Goodman, 2009; Honnens et al., 2011). 
Progesterone is secreted by the corpus luteum leading to the differentiation of uterine 
epithelium to become secretory at the time of receptivity (Goodman, 2009), but it is not 
known whether the same endocrine mechanisms that lead to uterine receptivity in some 
eutherians have the same effects on the structures that form placentae in all theria.  
1.5 Species choice 
The majority of reproductive biology research is completed in eutherians, with few 
studies comparing to the development of the placenta in marsupials (Laird et al., 2014; 
Dudley et al., 2015; 2017). However, it is important to compare the uterine changes 
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during pregnancy in marsupials to that of eutherian mammals due to their shared 
ancestry for viviparity and placentation. Invasive (endotheliochorial) placentation has 
been confirmed in 5 marsupial families (Didelphidae, Dasyuridae, Peramelidae, 
Phascolarctidae, Acrobatidae; Freyer et al., 2003), with considerable focus on placental 
development within the opossum (Didelphidae) and the dunnart (Dasyuridae) (Harder 
and Fleming, 1981; Selwood and Woolley, 1991; Roberts and Breed, 1994a; Zeller and 
Freyer, 2001; Kin et al., 2014; Laird et al., 2014). It is important to understand the fine 
details of pregnancy in marsupials as they form the most closely related clade of 
mammals to eutherians and can thus provide information on the development and 
commonality of mechanisms for successful reproduction. 
The fat-tailed dunnart, a small, carnivorous marsupial from the family Dasyuridae 
(Morton, 1978) has a 12 day gestation; one of the shortest gestations of all mammals 
(Selwood and Woolley, 1991). The shell coat is is eroded by uterine secretions two 
thirds of the way through pregnancy with a short lived endotheliochorial placenta 
forming which invades into the maternal epithelium on the side of the bilaminar yolk sac 
(Laird et al., 2014; Roberts and Breed, 1994a; Selwood and Woolley, 1991; Denker and 
Tyndale-Biscoe, 1986). The differences in marsupial reproductive modes led me to 
question if there are common mechanisms underpinning successful implantation in both 
eutherians and marsupials. The fat-tailed dunnart, Sminthopsis crassicaudata, is an ideal 
model species to study the fine molecular changes that underpin successful implantation 
and pregnancy in marsupial because changes to the uterine morphology of S. 
crassicaudata during pregnancy are well described (Laird et al. 2014; Roberts and 
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Breed, 1994b) and provide a framework to understand the commonalities of molecular 
mechanisms during the development of the placenta in marsupials.  
The domestic cat (Felis catus) is a small domesticated eutherian mammal that is 
conspecific with the wildcat Felis silvestris (Wilson and Reeder, 2005). It is a member 
of the order Carnivora. The gross morphology of the placenta of the domestic cat  is 
endotheliochorial in the zonary girdle (Leiser and Koob, 1993). The preimplantation 
period of pregnancy in the domestic cat lasts 12.5 days post coitum with definitive 
placentation zones forming by day 15 (Leiser and Koob, 1993). They have a syncytial 
trophoblast with decidual cells and hypertrophied endothelium (Leiser and Koob, 1993; 
Enders and Carter, 2012a). Further molecular and ultrastructural studies are needed to 
understand the development and evolution of the endotheliochorial placenta in domestic 
cats and Carnivora more generally. 
Kangaroo rats (Dipodomys spp. Heteromyidae), are desert rodents (Rodentia, Eutheria) 
native to the Chihuahuan Desert of the southwestern United States and northern Mexico 
(Alexander and Riddle, 2005). Kangaroo rats  do not exhibit the typical haemochorial 
placental type of many species within the order Rodentia, instead exhibiting a less 
invasive endotheliochorial placenta (Enders and Carter, 2012a; Carter and Enders, 
2004). Kangaroo rats have a cellular trophoblast with non-hypertrophied endothelium 
(Enders and Carter, 2012a; King and Tibbits, 1969; Nielson, 1940). Other heteromyid 
rodents exhibit an endotheliochorial placenta (Pocket mice eg. Perognathus parvus and 
kangaroo mice; eg. Microdipidops megacephalus), as do some species from the families 
Scuridae (Chipmunks; eg. Tamias quadrivittatus) and Pedetidae (spring hares; eg. 
Pedetes capensis) (Enders and Carter, 2012a). 
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Currently there is little known about the mechanisms behind the formation of the 
placenta in the kangaroo rat. Thus, it is necessary to determine the molecular and 
ultrastructural changes during pregnancy in this genus to understand whether there are 
particular changes that underpin endotheliochorial placentation compared to the more 
invasive haemochorial placentation of other members of Rodentia.  
1.6 Aims and Objectives  
The overarching question that I address in this thesis is whether there are common 
molecular changes to the uterine surface during pregnancy in mammals. I observed the 
changes that occur to membrane molecules and cellular ultrastructure of the uterine 
epithelium during pregnancy in three mammalian species with independent origins of 
endotheliochorial placentation. I have completed a comparative analysis of the changes 
to the ultrastructure of the uterine epithelium surrounding receptivity and its effect on 
the structural and luminal surface of uterine epithelial cells. I have determined how 
receptivity affects the adherens junction and desmosomes along the lateral plasma 
membrane of the epithelial cells by studying the changes to key adhesion proteins 
desmoglein-2 and E-cadherin. I have compared uterine remodelling and the occurrence 
of the plasma membrane transformation across differing clades of marsupial and 
eutherian mammals with endotheliochorial placentae to determine how this placenta 
type evolved and what mechanisms may be crucial for uterine receptivity in these 
viviparous mammalian species. 
In chapter 2, I investigated the molecular mechanisms of uterine receptivity in the 
marsupial Sminthopsis crassicaduata to determine if there are common morphological 
changes to the uterine epithelium in preparation for the placenta across mammalian 
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groups. I described the changes to the height and ultrastructure of epithelial cells 
throughout pregnancy with a focus on a key lateral adhesion complex, the desmosome, 
using transmission electron microscopy and immunofluorescence microscopy. In this 
chapter, I tested the hypothesis that common cellular mechanisms are present during the 
plasma membrane transformation among mammals irrespective of the level of placental 
invasiveness. 
In chapter 3, I investigated the commonality of alterations to the uterine epithelium 
between marsupials and eutheria. I identified changes to the localisation of epithelial 
cadherin within the uterus during pregnancy in Sminthopsis crassicaudata and compared 
these changes to those in eutherian species studied to date. I tested the hypothesis that 
there are common mechanisms underpinning successful implantation in eutherians and 
metatherians.  
In chapter 4, I identified the effect of reproductive hormones on the uterine epithelium in 
Sminthopsis crassicaudata. I investigated the morphological and molecular changes that 
occurred to the uterine epithelium of this marsupial species when exposed to exogenous 
progesterone and β-oestradiol. Within this chapter, I tested the hypothesis that the same 
endocrine mechanisms lead to uterine receptivity by effecting the structures that form 
placentae in theria.  
In chapter 5, I identified the changes in desmosomes and the adherens junction during 
the early stages of pregnancy in Felis catus for comparison with other therians with 
endotheliochorial and other types of placentation. I examined the morphological and 
molecular changes to the uterine epithelium during the period of uterine receptivity 
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using immunofluorescence microscopy, transmission and scanning electron microscopy 
in Felis catus. In this chapter, I tested the hypothesis that uterine receptivity is 
underpinned by similar molecular machinery across Theria. 
In chapter 6, I determined what molecular and ultrastructural changes occur during 
pregnancy in Merriams’ kangaroo rat (Dipodomys merriami) to understand whether 
there are changes that underpin endotheliochorial placentation compared to the more 
invasive haemochorial placentation of most species within rodentia. I tested the 
hypothesis that the plasma membrane transformation does occur in Dipodomys merriami 
despite having a less invasive endotheliochorial placenta than others within the order 
Rodentia, focussing on changes to the surface and ultrastructure of uterine epithelial 
cells. In this chapter, I identified the localisation of proteins that contribute to lateral 
adhesion between epithelial cells during pregnancy using scanning and transmission 
electron microscopy as well as immunofluorescence microscopy to investigate the 
convergent evolution of endotheliochorial placentation within rodents. 
****** 
In this thesis, each experimental chapter has been written as a manuscript for 
publication. There are some already published papers and others that have been 
submitted to Journals and are in review. Therefore, there is some necessary repetition 
and overlap of material, especially within the Introduction and Methods sections.  
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ABSTRACT Attachment of the blastocyst and forma-
tion of the placenta during pregnancy is dependent on
structural and cellular changes occurring in the uterine
epithelium and in particular to the plasma membrane
of these uterine cells. Desmosome expression decreases
during pregnancy in eutherians and some squamates,
presumably allowing for remodeling of the uterine epi-
thelium and invasion of the trophoblast during implan-
tation. Marsupials are a distinct mammalian amniote
lineage of viviparity, with a short implantation or
attachment period and varying levels of invasive pla-
centation. To test the generality of changes to the uter-
ine epithelium during pregnancy across mammals, we
characterized the distribution of desmosomes in the
uterine epithelial cells of a marsupial, Sminthopsis
crassicaudata, using electron microscopy and immuno-
histochemistry. The absolute number of desmosomes
along the lateral plasma membrane decreases during
pregnancy and desmosomes are redistributed towards
the apical region of the lateral plasma membrane as
pregnancy proceeds, similar to what occurs during
pregnancy in eutherian mammals. Despite the lower
level of maternal investment in pregnancy and the non-
invasive structure of fetal membranes in marsupials
there are similarities in number and redistribution of
desmosomes along the plasma membrane and changes
to the morphology of the uterine epithelial cells sug-
gesting that similar plasma membrane changes occur
across all lineages of amniote vertebrates. J. Morphol.
276:261–272, 2015. VC 2014 Wiley Periodicals, Inc.
KEY WORDS: desmoglein-2; desmosome; marsupial;
Sminthopsis crassicaudata; viviparity
INTRODUCTION
Changes in the expression of some molecules in the
uterine epithelium follow common trends throughout
pregnancy or egg development among the amniote
vertebrates: mammals, reptiles, and birds. The com-
monality of these changes suggest that some common
molecules play an important role in successful implan-
tation or attachment of the trophoblast, which is the
outermost layer of cells of the blastocyst that enables
the fertilised ovum to attach to the uterine wall, across
species (Murphy, 2004; Preston et al., 2004).
Desmosomes are adhesive structures that hold
cells together along the lateral plasma membrane
of epithelial cells, providing structural integrity to
the tissue (Preston et al., 2004; Biazik et al.,
2010). Desmosomes express calcium dependent
adhesion molecules, including four desmoglein
(DSG 1–4) and three desmocollin (Dsc 1–3) iso-
forms, which are comprised of different glycopro-
teins (Illingworth et al., 2000). The desmoglein-2
isoform is widely expressed in all tissues that con-
tain desmosomes, making it a common indicator of
desmosome expression within tissues (Eshkind
et al., 2002; Biazik et al., 2010). During pregnancy,
the uterine surface undergoes significant remodel-
ing to allow for attachment of the trophoblast
(Buck et al., 2012). In some eutherian species,
such as rats and mice, desmosome numbers
decrease in the uterine epithelium during the pre-
implantation period in conjunction with a redis-
tribution of the remaining desmosomes to the
apical region of the lateral plasma membrane
(Illingworth et al., 2000; Preston et al., 2004). The
decrease in desmosome expression before attach-
ment of the trophoblast suggests that there is a
reduction in adhesion between epithelial cells to
allow for invasion by the trophoblast and develop-
ment of the fetal–maternal membranes for placen-
tation (Illingworth et al., 2000; Preston et al.,
2004; Biazik et al., 2010).
In contrast, in squamate reptiles with noninva-
sive placentation (epitheliochorial; no penetration
of maternal and fetal tissue), the nature of
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changes in the expression of desmosomes varies
between species. In some squamate reptiles, des-
mosome number decreases during pregnancy in a
similar fashion to that observed in eutherian
mammals (Illingworth et al., 2000; Biazik et al.,
2010) which suggests that desmosome reduction is
not limited to species with invasive placentation
and so may play a role in the remodeling of the
uterine epithelium during noninvasive placenta-
tion (Biazik et al., 2010; Brandley et al., 2012).
The complexity of the placenta can have an impact
on the expression of desmosomes as some squa-
mates with noninvasive placental types show no
change in the number of desmosomes (Biazik
et al., 2010) or an increase in some desmosomal
protein encoding genes during pregnancy (Brand-
ley et al., 2012). Differences in desmosome expres-
sion across squamate species suggest that
desmosomes have a different and unknown role
during pregnancy in some amniotes (Brandley
et al., 2012). The variability in desmosome expres-
sion and placental invasiveness across amniote
vertebrates highlights the need for an exploration
of desmoglein-2 expression in other viviparous
amniote lineages.
Marsupials are unique viviparous amniotes with
embryos that begin development within a translu-
cent shell coat (Zeller, 1999; Ferner and Mess,
2011) which consists of uterine secreted micropro-
tein (Frankenberg et al., 2011). This shell coat
potentially represents an evolutionary transition
between oviparity and viviparity (Freyer et al.,
2003). Marsupials exhibit a range of placental
types with differing levels of invasiveness, from
noninvasive (epitheliochorial) in the Macropodidae
(kangaroos) to highly invasive (hemochorial; only
extraembryonic tissue forms a barrier between cir-
culatory systems of mother and fetus) in the Pera-
melidae (bandicoots; Freyer et al., 2003). The
Dasyuridae (carnivorous marsupials) have a mini-
mally invasive (endotheliochorial) placenta,
termed the marsupial yolk sac placenta, which
forms once the shell coat ruptures in the last third
of pregnancy (Renfree et al., 2009). Marsupials
have a low maternal physiological investment dur-
ing gestation when compared to that of many
eutherian mammals, and marsupials have an
extended lactation period (Pharo et al., 2012).
Characterisation of desmosome expression in the
uterine epithelium of marsupials during preg-
nancy will thus allow us to assess the generality
of plasma membrane changes during pregnancy
across mammalian species with similar placenta
types and invasiveness.
The expression of desmosomes in uterine epithe-
lial cells may change during pregnancy to facilitate
the necessary modifications to the epithelium for
placentation in the fat-tailed dunnart (Sminthopsis
crassicaudata; Dasyuridae). Dunnarts have an egg-
shell present around the embryo until attachment
of the trophoblast, which occurs two-thirds of the
way through gestation (Selwood and Woolley, 1991;
Roberts and Breed, 1994a; Laird et al., 2014). Our
aim is to describe the structure of the uterine epi-
thelial cells, quantify the number of desmosomes in
the uterine epithelium and map the expression of
desmoglein-2 in the uterine epithelium during
pregnancy for comparison to other amniotes. We
will test the hypothesis that common cellular mech-
anisms are present during the plasma membrane
transformation among mammals irrespective of the
level of placental invasiveness.
MATERIALS AND METHODS
Animal Husbandry
All S. crassicaudata used in this study came from an estab-
lished breeding colony at the University of Sydney. The animals
were housed singly or in pairs in cages with behavioural
enrichment and food and water provided ad libitum. The breed-
ing season in this colony is July to January. The reproductive
status of the females was determined through examination of
the pouch and the change in vaginal epithelial cells obtained
from smears taken from the urogenital sinus and observed and
quantified under a light microscope (McAllan et al., 2012). The
fertility of the males was determined by the presence of sperm
in their urine and changes in the external morphology of the
testes and bulbourethral glands (McAllan et al., 2012). Males
were introduced to the females when the females were deter-
mined to be in oestrus. The mated females were monitored for
signs of pregnancy such as an increase in body mass and
flushed moist appearance of the pouch and reduction of pouch
fur.
Tissue Harvesting and Processing
Reproductive tracts were harvested from female dunnarts at
early (defined as being close to conception with small, fertilised
eggs or early embryos present, n58), mid (defined as develop-
ment of the primitive streak and preattachment, n5 5) and late
stages (defined as having embryos present that are close to
attachment and have lost their shell membrane, n5 5) of preg-
nancy (Laird et al., 2014). These tissues were compared to repro-
ductive tracts collected from eight nonreproductive females.
Females were euthanazed using CO2 inhalation followed by
decapitation. Their reproductive tracts were removed and the ova-
ries fixed in 10% neutral buffered formalin for 24 h before being
stored in 70% ethanol. Separate pieces of uterine tissue were dis-
sected, processed, and stored for transmission electron microscopy
(TEM), immunohistochemistry and Western Blots. All animal exper-
imentation was done with approval from the University of Sydney’s
Animal Ethics Committee K22/5-2012/1/5764 and the NSW Depart-
ment of Environment, Conservation and Climate Change.
Transmission Electron Microscopy
Pieces of uterus approximately 1 mm3 were fixed in 2.5% glu-
taraldehyde in 0.1 mol L21 phosphate buffer (PBS) pH 7.4 for 1
h. The tissues were rinsed in 0.1 mol L21 PBS and secondarily
fixed in 4% osmium tetroxide (OsO4) with 0.8% potassium ferro-
cyanide [K4Fe(CN)6] for 1 h. The samples were washed in milliQ
water and PBS and gradually dehydrated in 10% increments of
ethanol over 2 h. They were gradually infiltrated with Spurr’s
resin in increasing increments from 25 to 100% and left on a rota-
tor overnight in fresh 100% resin. The tissues were embedded in
BEEMV
R
capsules and polymerised at 60C overnight. One or two
resin blocks were sectioned per animal using a Leica Ultrastat S
ultramicrotome (Leica, Heerbrugg, Switzerland) with glass kni-
ves. Sections of approximately 60–90 nm thickness were mounted
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onto 200 mm mesh copper grids (ProSci Tech, Queensland, Aus-
tralia). Up to five grids were made per resin block. The grids
were post stained on drops of 2% uranyl acetate for 10 min, and
rinsed in warm water. The grids were floated on top of drops of
Reynold’s lead citrate stain, surrounded by sodium hydroxide pel-
lets (NaOH) for 10 min and rinsed in warm water. The grids
were viewed using a JEOL 1400 transmission electron microscope
operating at 120 kV (Tokyo, Japan). Images were taken using a
Gatan Erlangshen camera (CA). For this technique there were
four uteri from early, four uteri from mid and three uteri from
females in the late stage of pregnancy. There were four uteri from
nonreproductive females used for TEM. A minimum of four sec-
tions were imaged with a range of 12–20 cells used to count des-
mosomes and measure the length of the cell for each animal
following the design principles set out by Cruz-Orive and Weibel
(1990) and Tschanz et al. (2014). The cells chosen were longitudi-
nally orientated with the total lateral plasma membrane visible.
Randomly selected lateral plasma membranes were chosen from
early, mid, and late pregnancy as well as nonpregnant animals.
Desmoglein-2 Immunofluorescence and
Western Blotting
The sections of uterine tissue used for immunofluorescence
were stored in Tissue-Tek OCTTM cryoprotectant (Sakura,
Tokyo, Japan) in liquid nitrogen (2196C). Sections of 8 mm
thickness were cut at 225C using a Leica CM3050 S cryostat
(Leica, Keerbrugg, Switzerland) and mounted on slides coated
in gelatin. Five slides with nine sections on each were made for
each animal and stored at 220C. Two slides were randomly
allocated as experimental slides, two as control slides and one
to be analysed under light microscopy for general morphology.
During initial immunofluorescence work, tissues from the
skink, Pseudemoia entrecasteauxii, were used as a positive con-
trol because, we know that the desmoglein-2 antibody cross
reacts with uterine tissue from this skink (Biazik et al., 2010).
The experimental and control slides were fixed in acetone for
30 min. The slides were then blocked in 1% bovine serum albu-
min (BSA) [0.1 g BSA diluted with 10 mL phosphate buffered
saline] for 30 min. The experimental slides were covered in the
primary antibody (Rabbit antidesmoglein-2 antibody; Sapphire
bioscience, Waterloo, NSW, Australia) at a dilution of 1 mL pri-
mary antibody: 250 mL 1% (BSA) for 1 h in a humid chamber.
The control slides were incubated in a separate humid chamber
for 1 h with 1% BSA. All slides were rinsed in PBS for 10 min.
They were then incubated for 30 min in secondary antibody
(Goat antirabbit Fluorescein isothiocyanate (FITC) IgG anti-
body; Jackson Immunoresearch Laboratories, West Grove, PA)
at a dilution of 1 mL secondary antibody:500 mL BSA. All slides
were rinsed in PBS for 15 min and air-dried. A drop of Vector-
shield with DAPI (Vector Laboratories, Burlingame, CA) was
Fig. 1. Sminthopsis crassicaudata, uterine epithelium of nonpregnant female. (A, B) The epithelial cells are irregular and cuboidal
in shape. They have short microvilli on their surface (black arrows). (C, D) The nuclei are irregular in shape, large in size and filled
with patches of condensed chromatin. Desmosomes are located evenly along the lateral plasma membrane (white arrow heads).The
microvilli are short and blunt on the domed apical surface of the epithelial cells (black arrows). Lumen (L), nucleus (N), Lateral
plasma membrane (arrowheads); TEM, scale bars are indicated on individual images.
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added to the centre of each slide and a coverslip was sealed on
with wax. The slides were viewed using a Zeiss Deconvolution
microscope (Carl Zeiss Pty, Australasia) and images taken
using a Zeiss AxioCam HR digital monochrome CCD camera.
The tissues were examined for the presence or absence of
desmoglein-2 and localization of the staining in the uterine tis-
sue. For this technique there were 8 uteri from early, 4 uteri
from mid and three uteri from females in the late stage of preg-
nancy. There were five uteri from nonreproductive females used
for immunofluorescence.
Sections of uterine tissue that had been snap frozen in liquid
nitrogen (2196C) and stored at 280C were used for western
blotting. Rat uterine tissue from day 1 of pregnancy was used
as a positive control. The samples were homogenised using
homogenising beads in lysis buffer containing protease inhibitor
cocktail (1:100 dilution). Aliquots of 5 mL were stored at 280C.
Protein samples were extracted and diluted with distilled water
at 1:100, 1:200, and 1:400 dilutions. Standards were made out
of BSA stock solution and 100 mL of each standard and protein
dilution were put into a 96 well plate (Thermo Scientific). Bicin-
choninic acid protein assay kit was made up according to the
manufacturer’s instructions (Micro BSATM Protein Assay kit;
Thermo Scientific, Rockford, IL) and 100 mL was added to each
well. The amount of protein in each well was estimated using
absorbance readings from a POLARstar Galaxy Microplate
Reader (BMG LabTech, Durham, NC). Protein samples of 20 mg
were loaded into a 10% SDS-PAGE gel alongside a normal
molecular weight ladder (Page Ruler prestained Protein Lad-
der) at 200 V for 40 min and transferred to a polyvinylidene
difluoride membrane (Millipore Corporation, Bedford, MA) at
100 V for 1.5 h. The membranes were blocked in 5% skim milk
[2.5 g skim milk powder to 50 mL Tris-Buffered Saline and
Tween 20 (TBS-t) solution] for 1 h. Membranes were trans-
ferred to a primary antibody solution (Rabbit antidesmoglein-2
antibody; Sapphire Bioscience, Waterloo, NSW, Australia) in a
dilution of 1 mL of primary antibody to 10 mL 1% skim milk
(0.5 g skim milk powder to 50 mL TBS-t) to be left overnight.
Membranes were rinsed 3 times for 10 min in TBS-t and trans-
ferred to a secondary antibody solution (Polyclonal goat anti-
rabbit IgG HRP linked antibody; Dako, Denmark) in a dilution
of 5 mL secondary antibody to 10 mL 1% skim milk for 1.5 h.
Membranes were rinsed in TBS-t and immediately imaged
using a Chemidoc MP imaging system (Biorad) using enhanced
chemiluminescence (ECL plus Western Blotting Detection Sys-
tem; GE Healthcare, Buckinghamshire, UK). To ensure the
same amount of protein was loaded into each well, the mem-
brane was stripped for b-actin by incubating the membrane in
stripping buffer for 45 min at 60C. Each membrane was rinsed
Fig. 2. Sminthopsis crassicaudata, luminal epithelial cells from early stage of pregnancy. (A, B) The epithelial cells are columnar
and elongated with long microvilli along their luminal surface (black arrows). The large nuclei are located toward the basal region of
the cell (N). (C) The microvilli are extended and spiky (black arrows). (D) Desmosomes are present on the apical portion of the lat-
eral plasma membrane (arrow heads). Lumen (L), nucleus (N), lateral plasma membrane (black arrow head); TEM, scale bars are
indicated on individual images.
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2 times for 10 min in TBS-t and then blocked in 5% skim milk
for 1 h. They were then incubated in the primary antibody
(monoclonal anti-b-actin antibody produced in mice; Sigma-
Aldrick, Castle Hill, Sydney) in a dilution of 1 mL primary anti-
body to 2 mL 1% skim milk and left overnight on a rocker.
Membranes were rinsed in TBS-t three times for 10 min and
incubated in the secondary antibody (Sheep antimouse, IgG,
GE Healthcare, Buckinghamshire, UK) in a dilution of 5 mL
secondary antibody: 10 mL 1% skim milk for 1.5 h. They were
rinsed in TBS-t and immediately imaged using the Chemidoc
MP imaging system. Images were analysed using Image LabVC
software (version 4.0.1, Bio-rad Laboratories, CA) to determine
the band heights.
Morphometric Analysis and Statistics
The length of the lateral plasma membrane and number of
desmosomes in the uterine epithelium of S. crassicaudata were
compared among stages of pregnancy (early, mid, late, and non-
pregnant) and location along the plasma membrane (apical,
basal, or even distribution). Numbers of measurements for des-
mosome number and length of the cells for each individual were
determined by ensuring that the coefficient of error was P<0.05
(Gundersen et al., 1988; McAllan et al. 1997). The results were
analysed using a restricted maximum likelihood Linear Mixed
Model in GenstatVC (15th edition, VSN International, UK) fol-
lowed by post hoc Wald’s test and Fisher’s least significant differ-
ence test. The mean number of desmosomes and length of the cell
are presented 6 the standard error of the mean.
RESULTS
Transmission Electron Microscopy
The uterine epithelium of nonpregnant S. crassi-
caudata is irregular and cuboidal in shape (Fig.
1). Vesicles are present within the cell. Short, pro-
jecting microvilli cover sections of the surface of
the cells. The nuclei are irregular in shape, large
in size and filled with patches of condensed chro-
matin. The cell apices are rounded and the desmo-
somes are located in between the tight and gap
junctions of the lateral plasma membrane.
By contrast, the luminal epithelial cells of
females from the early stage of pregnancy are
columnar and elongated (Fig. 2). The large nuclei
Fig. 3. Sminthopsis crassicaudata, luminal epithelial cells from mid stage of pregnancy. (A, B) The epithelial cells are pseudostrati-
fied columnar with ovoid nuclei positioned basally in the cell. Desmosomes are present on the apical portion of the lateral plasma
membrane (arrow heads). (C) The apical surface is flattened with blunt, projecting microvilli (black arrows). (D) These changes are
also present in the glandular epithelium. Lumen (L), nucleus (N), lateral plasma membrane (black arrow head); TEM, scale bars are
indicated on individual images.
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are ovoid and located towards the basal region of
the cell. The microvilli are extended and spiky,
covering the entire luminal surface which has flat-
tened. Desmosomes are present on the apical por-
tion of the lateral plasma membrane. Vesicles
have increased in abundance throughout the cell.
The luminal epithelium is pseudostratified
columnar with ovoid nuclei positioned toward the
base of the cell from females in the mid stage of
pregnancy (Fig. 3). The cell apices are flattened
with short, blunt microvilli covering the surface. A
thick, darker staining glycocalyx layer has begun
to form along the microvilli at preimplantation.
The nucleoli are prominent within the nuclei dur-
ing this stage. Vesicles are abundant around the
cell. The desmosomes are evenly spread with some
localization to the apical region of the lateral
plasma membrane.
The epithelium has short, irregular projections
present on the luminal surface of cells from
females in the late stage of pregnancy (Fig. 4).
The epithelium is mostly pseudostratified colum-
nar with domed apices and large, irregular nuclei
positioned basally. Vesicles are abundant through-
out the cells. The desmosomes are located evenly
along the lateral plasma membrane.
Desmosome Numbers and Cell Length
The number of desmosomes along the lateral
plasma membrane significantly decreases as preg-
nancy progresses (Table 1; F3,11518.92, P< 0.001).
The length of the cell increases as pregnancy pro-
gresses (F3,115133.92, P < 0.001).
Desmoglein-2 Immunofluorescence and
Western Blotting
For all samples of uterus from nonpregnant
females there is faint desmoglein-2 staining
throughout the majority of the cells within the tis-
sue with punctate staining evenly along the lat-
eral plasma membrane (Fig. 5).
Desmoglein-2 fluorescence is localized to the api-
cal regions of the lateral plasma membrane of the
Fig. 4. Sminthopsis crassicaudata, luminal epithelial cells from late stage of pregnancy. (A) The epithelial cells are pseudostratified
columnar with large, elongated nuclei (N). (B–D) There are short, irregular projections present on the luminal surface of the epithe-
lial cells (black arrows). Lumen (L), nucleus (N), lateral plasma membrane (black arrow head); TEM, scale bars are indicated on indi-
vidual images.
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luminal and glandular epithelium in the uterus of
early stage pregnant females (Fig. 6).
Desmoglein-2 staining is more evenly dispersed
with some localization of staining to the apical
region of the lateral plasma membrane in the
uterus of mid stage pregnant females (Fig. 7).
By late pregnancy, the staining in the uterus is
evenly dispersed along the apical and basal
regions of the plasma membrane than earlier in
pregnancy (Fig. 8).
Western Blot
The Western blot of whole lysate S. crassicau-
data tissue with anti desmoglein-2 antibody pro-
duced a single band at approximately 150 kDa in
pregnant tissue (Fig. 9). A trimer was produced in
the rat tissue with weaker bands around 100 and
75 kDa. The rat tissue successfully provided a
comparison of band size with the dunnart tissue.
DISCUSSION
The number of desmosomes in the uterine epi-
thelium of S. crassicaudata decreases over the
course of pregnancy. Marsupials diverged from
placental mammals 160 million years ago (Luo
et al., 2011) allowing time for differing mecha-
nisms to evolve (Freyer et al., 2003; Graves, 2013)
for cell adhesion and the process of live birth (vivi-
parity). Despite marsupials having a short-lived
placenta with low contribution to offspring devel-
opment compared with the placenta of most
eutherians (Selwood and Johnson, 2006; Renfree
et al., 2013), S. crassicaudata shows a similar
redistribution and decrease in the number of des-
mosomes throughout pregnancy to those of euther-
ian mammals (Illingworth et al., 2000; Preston
et al., 2004) and squamates (Biazik et al., 2010).
Similar to other dasyurids, attachment in S.
crassicaudata occurs two thirds of the way
through gestation (Roberts and Breed, 1994a).
Until attachment occurs, the embryo is sur-
rounded by a permeable shell coat that prevents
direct physical contact between the maternal uter-
ine epithelium and the trophoblast (Roberts and
Breed, 1994a), allowing only small molecules to
pass to the embryo (Freyer and Renfree, 2009).
This coat ruptures under the influence of
TABLE 1. Length of the lateral plasma membrane, mean number, and distribution of desmosomes found along the plasma mem-
brane of the uterine epithelium from Sminthopsis crassicaudata throughout pregnancy and compared to nonpregnant females
Stage of pregnancy
Mean number
of desmosomes
Length of
cell (mm)
Distribution along
the lateral plasma
membrane
Early pregnancy (n 5 4) 13.11 6 0.37a 20.74 6 0.87a Apical
Midpregnancy (n 5 4) 11.10 6 0.33b 26.15 6 0.81b Even
Late pregnancy (n 5 3) 9.90 6 0.31c 28.97 6 0.79b Even
Nonpregnant (n 5 4) 9.84 6 0.29c 9.37 6 0.24c Even
Values are shown as means 6 SEM. Values with superscripts without a common letter differ significantly (P<0.001).
Fig. 5. Sminthopsis crassicaudata immunofluorescence micrographs of desmoglein-2 in uterine epithelial cells of nonpregnant
female. (A) A complete cross section of uterus. Faint desmoglein-2 staining (green) occurs throughout the majority of the tissue with
punctate staining along the lateral plasma membrane of the epithelial cells (white arrows). (B) High power image of luminal epithe-
lial cells (white arrows) with localized staining of desmoglein-2 along the lateral plasma membranes as well as faint staining
throughout the cell. Nuclei fluorescence is blue; uterine lumen (L), scale bars are indicated on individual images.
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proteases (Denker and Tyndale-Biscoe, 1986) with
the yolk sac coming into direct contact with the
uterine epithelium, allowing greater uptake of
nutrients and gas exchange through the fetal
blood circulation (Freyer et al., 2003). The tropho-
blast does not invade the maternal vasculature in
S. crassicaudata but trophoblast giant cells invade
the maternal epithelium from an annular region
at attachment (Roberts and Breed, 1994a). Else-
where desmosomes form in contact with the troph-
oblast (Roberts and Breed, 1994a), similar to the
“giant” desmosomes that occur in rats (Preston
et al., 2004). This formation of desmosomes during
early pregnancy also occurs in S. crassicaudata
with an increase in desmosomes at the beginning
of pregnancy before the shell coat ruptures.
The western blot showed a trimer produced in
the tissue from the rat due to denaturing of the
protein when heated and exposed to b-
mercaptoethanol (Zijderveld et al., 1995). The
expression of antidesmoglein-2 antibody in the
dunnart tissue was weaker than that in the rat
because the uteri of S. crassicaudata are much
smaller in size, presumably containing less
desmoglein-2 per unit of protein.
The luminal surface of the uterine epithelium is
the first site of contact between fetal and maternal
tissues. These cells undergo specialised changes
that allow for successful attachment, collectively
termed the “plasma membrane transformation”
(Murphy, 2004). These changes occur regardless of
the type of placenta that forms in viviparous liz-
ards and eutherian mammals (Murphy et al.,
2000; Murphy and Thompson, 2011). Within
eutherian species such as the rat, the preimplan-
tation period is characterized by the loss or reduc-
tion of microvilli on the luminal surface of the
uterine epithelial cells which forms a flattened
Fig. 6. Sminthopsis crassicaudata immunofluorescence micrographs of desmoglein-2 staining (green) in uterine luminal and glan-
dular epithelium during early stage pregnancy. (A) Localization of desmoglein-2 staining to the luminal epithelial cells (LEC, arrows).
(B, C) Higher magnification images shows localization of the desmoglein-2 staining to the apical region (arrow heads) of the lateral
plasma membranes of the luminal epithelial cells (LEC, arrows). (D) Desmoglein-2 staining is localized to the lateral plasma mem-
branes (arrow) of the glandular epithelium (G). Nuclei fluorescence is blue; uterine lumen (L), scale bars are indicated on individual
images.
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Fig. 7. Sminthopsis crassicaudata immunofluorescence micrographs of desmoglein-2 staining (green) in uterine luminal epithelium
during midstage pregnancy. (A) Desmoglein-2 staining is evenly dispersed along the luminal epithelial cells (LEC, arrows) and is
also localized to the lateral plasma membranes of the glandular epithelium (G). (B, C) Higher magnification images show staining to
both the apical and central regions of the lateral plasma membrane. (D) Close apposition and folding of the uterine luminal surface.
Nuclei fluorescence is blue; uterine lumen (L), scale bars are indicated on individual images.
Fig. 8. Sminthopsis crassicaudata immunofluorescence micrographs of desmoglein-2 staining (green) in uterine luminal epithelial
cells during late stage pregnancy. (A) Desmoglein-2 staining is localized to the apical portion (arrowheads) of the lateral plasma
membrane (arrows). (B) Higher magnification image which shows some desmoglein-2 staining towards the basal region of the lateral
plasma membrane (arrows). Nuclei fluorescence is blue; uterine lumen (L), scale bars are indicated on individual images.
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surface for the blastocyst to attach to (Murphy
et al., 2000; Murphy, 2004). The uterine epithe-
lium of S. crassicaudata undergoes a plasma mem-
brane transformation similar to that of eutherian
mammals (Roberts and Breed, 1994b; Laird et al.,
2014). We have now shown that a plasma mem-
brane transformation occurs in S. crassicaudata
with changes in cell morphology and redistribution
of cell adhesion molecules that are similar to other
amniotes. Uterine tissue from nonpregnant ani-
mals has short, irregular microvilli along the lumi-
nal surface of the epithelial cells, in contrast to
uterine tissue from the pregnant females which
have long, regular projections (Fig. 10).
The changes that occur to the morphology of the
uterine epithelial cells across stages of pregnancy
are under hormonal control and reflect the altered
function of the cell (Tachi et al., 1970; Murphy
and Rogers, 1981). The epithelial cells from non-
reproductive females form a cuboidal epithelium
(Fig. 10a) that undergoes dramatic structural
changes in early stage pregnancy; with the epithe-
lium becoming simple columnar with round
basally positioned nuclei (Fig. 10b). This structural
change and increase in vesicles is expected during
the preattachment period as the epithelial cells
become secretory, releasing substances essential
for trophoblast survival into the uterine lumen
(Biazik et al., 2009). The epithelial cells form a
pseudostratified epithelium with flattened apical
surfaces (Fig. 10c), as in eutherians, allowing for
greater contact between the fetal and maternal
membranes during attachment. These common
changes in morphology of the uterine epithelial
cells may thus have been conserved among
amniotes to facilitate attachment of the
trophoblast.
The number of desmosomes in S. crassicaudata
decreases over the stages of pregnancy with the
redistribution of desmosomal molecules towards
the apical region of the lateral plasma membrane
during early pregnancy (Fig. 10). This redistribu-
tion is similar to that seen in eutherian mammals.
The redistribution of desmosomes may allow for
the trophoblast to adhere to the apical region of
the plasma membrane in rats and mice which
have invasive (hemochorial) placentation (Illing-
worth et al., 2000). Although S. crassicaudata has
a less invasive endotheliochorial placenta, a simi-
lar redistribution of desmosomes may be conserved
to permit close positioning of the fetal and mater-
nal membranes. The even dispersal of desmosomes
during the later stages of pregnancy may be a
result of the significant increase in length of the
cell towards the final stages of pregnancy and may
aid in the continued adhesion of the epithelial cells
to the underlying stroma in this marsupial spe-
cies. The decrease in number of desmosomes dur-
ing implantation in S. crassicaudata is thus
similar to implantation in rodents despite S. cras-
sicaudata having less invasive implantation.
Rodent implantation involves invasion of the endo-
metrial stroma by the trophoblast and displace-
ment of the epithelial cells (Tachi et al., 1970),
requiring a dramatic reduction in cell adhesion
(Preston et al., 2004). The reduction in desmosome
number in a marsupial species with noninvasive
Fig. 9. Western Blot image. Lane 1: 20 lg rat tissue; A trimer
was produced with bands at 150, 100, and 75 kDa. Lane 2: 20 lg
dunnart tissue; a band at 150 kDa was produced.
Fig. 10. Basic changes to cell structure, surface, nuclei, num-
ber and distribution of desmosomes along the lateral plasma
membrane during pregnancy in Sminthopsis crassicaudata. (A)
A uterine epithelial cell from nonreproductive females. The cells
are cuboidal and irregular in shape. The desmosomes are located
in between the tight and gap junctions of the lateral plasma
membrane. The microvilli are short and scattered along the
luminal surface of the cell. The nuclei are large, filling most of
the cell. (B) A uterine epithelial cell from early stage pregnancy.
The cells are columnar with desmosomes located in the apical
portion of the lateral plasma membrane. The microvilli are long
and spiky. The nuclei (N) are round and located basally. (C) A
uterine epithelial cell from mid stage pregnancy. Cells are pseu-
dostratified columnar with ovoid nuclei positioned towards the
base of the cell. The nucleoli are prominent with small amounts
of chromatin in the surrounding nuclei. Cell apices are flattened
with short, blunt microvilli covering the surface and evident fold-
ing of the lateral plasma membrane. The desmosomes are spread
evenly along the lateral plasma membrane with some localiza-
tion to the apical region. (D) A uterine epithelial cell from late
stage pregnancy. The cells are pseudostratified columnar with
desmosomes evenly distributed along the lateral plasma mem-
brane. There are short, blunt microvilli scattered on the cell sur-
face. The nuclei are larger and irregular in shape.
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implantation supports the hypothesis that common
cellular mechanisms are present among mammals
irrespective of the level of placental invasiveness.
In summary, significant change in the number
of desmosomes along the lateral plasma membrane
of S. crassicaudata during pregnancy is similar to
rodents and most squamates. Similarities in the
redistribution of desmosomes along the plasma
membrane of uterine epithelial cells occur in
eutherians and marsupials, suggesting that this
common mechanism may have evolved before the
divergence of the marsupial and eutherian
amniote lineages. In conclusion, the decrease in
number and the concentration of desmosomal pro-
teins to the apical surface of the lateral plasma
membrane during pregnancy may be a prerequi-
site for successful attachment of the trophoblast in
viviparous mammals.
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Abstract
The uterine luminal epithelium is the first site of contact between fetal and maternal tissues during therian
pregnancy and must undergo specialised changes for implantation of the blastocyst to be successful. These
changes, collectively termed the plasma membrane transformation (PMT), allow the blastocyst to attach to the
uterine epithelium preceding the formation of a placenta. There are similarities in the morphological and
molecular changes occurring in live-bearing eutherian species during the PMT studied so far. Similar cellular
remodelling occurs in a marsupial species, the fat-tailed dunnart (Sminthopsis crassicaudata), despite the
divergence of marsupials from eutherian mammals over 130 mya, which resulted in the evolution of distinct
reproductive strategies. Adhesion molecules along the lateral plasma membrane of uterine epithelium provide
a barrier to invasion by the embryo. We thus characterised the presence and change in distribution of
epithelial cadherin (E-cadherin) in uterine epithelium from non-pregnant fat-tailed dunnarts and compared it
to dunnarts in early-, mid- and late-stage pregnancy. E-cadherin staining is localised to the lateral plasma
membrane in uterine epithelium from non-pregnant and early-stage pregnant dunnarts. The E-cadherin
staining is cytoplasmic in epithelium from uteri of mid- and late-stage pregnant dunnarts. This loss of localised
staining suggests that the adherens junction dissociates from the lateral plasma membrane, allowing for
invasion between the epithelial cells by the blastocyst. As the changes during pregnancy to cadherin were
similar in the laboratory rat with highly invasive (haemochorial) placentation, a live-bearing lizard species with
non-invasive (epitheliochorial) placentation and a marsupial, the fat-tailed dunnart, which has invasive
(endotheliochorial) placentation, we suggest that the molecular mechanisms allowing for successful pregnancy
are conserved among mammals during the early stages of pregnancy regardless of placental invasiveness.
Key words: epithelial cadherin; adherens junction; Sminthopsis crassicaudata; marsupial; uterine epithelium.
Introduction
Live birth in mammals requires the development of a pla-
centa for waste removal, nutrient uptake and gas exchange
during embryonic growth (Mossman, 1937). Uterine remod-
elling during early pregnancy is essential for ensuring recep-
tivity of the maternal uterine epithelium to the embryo and
ultimately for placental formation (Murphy, 2000). The
preparatory remodelling begins with changes to the uterine
epithelial cells, which are the first cells to come into direct
contact with the early embryo. The uterine epithelial cells
undergo rapid, hormonally driven, ultrastructural and pro-
tein changes collectively termed the ‘plasma membrane
transformation’ (PMT; Murphy, 2000, 2004), leading to suc-
cessful attachment and implantation of the trophoblast
(Murphy, 1993) .
Common mechanisms are responsible for the PMT
changes across all amniote species studied so far. The apical
surface of the epithelial cells becomes flattened with
reduced adhesion between adjacent cells preceding implan-
tation or attachment of the early embryo (Murphy, 2000).
In mammalian species with invasive placentation, the loss of
lateral adhesion allows the trophoblast to invade between
the cells and ‘anchor’ within the maternal uterine stroma
(Murphy, 2000; Preston et al. 2004; Dudley et al. 2015). Sim-
ilar remodelling occurs in squamate species with less inva-
sive placentation, with the reduction in lateral adhesion
Correspondence
Jessica S. Dudley, School of Medical Sciences and Bosch Institute,
University of Sydney, Sydney, NSW 2006, Australia.
E: jdud1448@uni.sydney.edu.au
Accepted for publication 27 April 2017
Article published online 3 July 2017
© 2017 Anatomical Society
J. Anat. (2017) 231, pp359--365 doi: 10.1111/joa.12648
Journal of Anatomy
and change in distribution of adhesion structures to the api-
cal portion of the lateral plasma membrane aiding in the
attachment of the early embryo to the apical surface of the
epithelium through homophilic binding (Biazik et al. 2010;
Wu et al. 2011).
Cadherins are a calcium-dependent superfamily of
polypeptides that undergo post-translational changes to
become cell-to-cell adhesion proteins. There are hundreds
of cadherin protein isoforms, all of which have been
demonstrated to be important for normal cell development
(Wheelock & Johnson, 2003). Cadherins are classified into
four groups: classical cadherins that form a component of
adhesion junctions, desmosomal cadherins, protocadherins
and cadherin-related molecules (Ivanov et al. 2001). Cad-
herins form the adherens junction in the lateral plasma
membrane of cells (Hartsock & Nelson, 2008). They establish
cell polarisation and connect the actin cytoskeleton of the
cell to the adherens junction of the adjacent cell (Staun-
Ram & Shalev, 2005). Epithelial cadherin (E-cadherin) is a
member of the classical cadherin family most abundant in
epithelial tissue. It is an important adhesion molecule that
suppresses cell invasion in normal functioning epithelia (van
Roy & Berx, 2008). In normal epithelium, E-cadherin is struc-
turally linked to b-catenin to create a stable cell–cell adhe-
sion network forming the adherens junction in the lateral
plasma membrane of the cell (Harris & Tepass, 2010).
E-cadherin plays a role in tissue formation and migration
(Takeichi, 1995; Gumbiner, 1996) and regulates the differ-
entiation of the trophoblast, limiting invasion by the sync-
tiotrophoblast during human embryogenesis (Kokkinos
et al. 2010).
There are changes during early pregnancy to the adhe-
rens junction and tight junction proteins in the laboratory
rat (Orchard et al. 1999), with pan-cadherin (a ubiquitous
cadherin probe that targets several different cadherin pro-
teins) redistributing apically in the rat during the first few
days of pregnancy (Hyland et al. 1998). Pan-cadherin
expression decreases across gestation in live-bearing lizards
with non-invasive placentae (Wu et al. 2011). Differential
expression between barren and pregnant uteri from the
same mother suggests that cadherin expression is affected
by the presence of the embryo in live-bearing lizards (Wu
et al. 2011). Similar changes to the lateral plasma mem-
brane occur in a range of species, suggesting that common
molecular mechanisms regulate changes to the uterine
epithelium during pregnancy, regardless of placenta type.
Marsupials diverged from eutherian mammals around
130 mya (Nilsson et al. 2010). Like eutherians, marsupials
form a placenta during pregnancy through which the
embryo gains nutrients from uterine secretions or the
maternal bloodstream, depending on the invasiveness of
the placenta (Freyer et al. 2003). A shell membrane, which
prevents direct contact between the yolk sac and the uter-
ine epithelium, is present around the embryo during early
pregnancy in all marsupials but it allows small molecules
to pass through to the developing embryo (Freyer & Ren-
free, 2009). The shell membrane degenerates during late
pregnancy, allowing the yolk sac to be in direct contact
with the uterine epithelium (Freyer et al. 2003). Direct
uptake of nutrients and gas exchange is then possible
through the fetal blood circulation (Freyer et al. 2003).
The majority of reproductive biology research has been
done in eutherians and there are few studies comparing
the outcomes with those from marsupials. It is important
to understand the fine details of pregnancy in marsupials
as they form the most closely related clade of mammals to
eutherians and can thus provide information on the devel-
opment and commonality of mechanisms for successful
reproduction.
The differences in marsupial reproductive modes led us to
question whether there are common mechanisms underpin-
ning successful implantation in eutherians and marsupials.
We used the fat-tailed dunnart, Sminthopsis crassicaudata,
as a marsupial model because we already understand much
about changes to its uterine morphology during pregnancy
(Laird et al. 2014; Dudley et al. 2015). Dunnarts are small,
carnivorous marsupials from the family Dasyuridae (Morton,
1978). Sminthopsis crassicaudata have one of the shortest
gestations of all mammals of 13 days and an endothelio-
chorial placenta which forms on day 11 of pregnancy when
the shell coat is lost (Roberts & Breed, 1994). The dunnart
placenta invades on the side of the bilaminar yolk sac
(Roberts & Breed, 1994). These reproductive characteristics
make the dunnart an ideal model to study the fine molecu-
lar changes that underpin successful implantation and preg-
nancy in marsupials.
Materials and methods
Animal husbandry
All S. crassicaudata used in this study came from an established
breeding colony at the University of Sydney. The animals were
housed singly or in pairs in cages with clean wood shavings for
flooring. Cardboard rolls and nesting boxes with shredded paper
were provided along with running wheels and climbing toys for
enrichment. Food and water were provided ad libitum. The breed-
ing season in this colony is July to January. The reproductive status
of the females was determined through examination of the pouch
and the change in vaginal epithelial cells obtained from smears
taken from the urogenital sinus and observed and quantified under
a light microscope (McAllan et al. 2012). Mated females were moni-
tored for signs of pregnancy, which include an increase in body
mass, flushed, moist appearance of the pouch, and reduction of
pouch fur.
Tissue harvesting and processing
Reproductive tracts were collected from female dunnarts at early-
(defined as being close to conception with small, fertilised eggs or
early embryos present, n = 8), mid-(defined as development of the
primitive streak and pre-attachment, n = 5) and late stages (defined
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as having embryos present that have lost their shell membrane,
n = 5) of pregnancy (Dudley et al. 2015). These tissues were com-
pared with the reproductive tracts from eight non-reproductive
females.
Females were euthanised using CO2 inhalation followed by
decapitation. Their reproductive tracts were removed. Separate
pieces of uterine tissue were dissected, processed and stored for
immunohistochemistry and Western blots. All animal experimenta-
tion was done with approval from the University of Sydney Animal
Ethics Committee K22/5-2012/1/5764 and the NSW Department of
Environment, Conservation and Climate Change (DECC).
E-cadherin immunofluorescence and Western blotting
We used an epithelial cell specific cadherin antibody for
immunofluorescence microscopy and Western blotting. Uterine tis-
sue used for immunofluorescence was stored in Tissue-Tek OCTTM
cryoprotectant (Sakura, Tokyo, Japan) in liquid nitrogen (196 °C).
Sections of 8 lm thickness were cut at 25 °C using a Leica CM3050
S cryostat (Leica, Keerbrugg, Switzerland) and mounted on slides
coated in gelatin. Four slides with nine sections on each were made
for each animal and stored at 20 °C. Two slides were randomly
allocated as experimental slides, two as control slides. During initial
immunofluorescence work, liver and uterine tissue from rats was
used as a positive control. The experimental and control slides were
fixed in acetone for 30 min. The slides were then blocked in 1%
bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for
30 min. The experimental slides were covered in the primary anti-
body [E-cadherin (4A2) Mouse mAb; Cell Signalling Technology,
Danvers, MA, USA] at a 1 : 500 dilution in 1% BSA for 2 h in a
humid chamber. The control slides were incubated in a separate
humid chamber for 2 h with anti-mouse primary IgGs (Sigma-
Aldrick, Castle Hill, Sydney, Australia). All slides were rinsed in PBS
for 15 min. They were then incubated for 30 min in secondary anti-
body (sheep anti-mouse, IgG, GE Healthcare, Little Chalfont, UK) at
a dilution of 1 : 500. All slides were rinsed in PBS for 15 min. A drop
of Vectorshield with DAPI (Vector Laboratories, Inc., Burlingame,
CA, USA) was added to the slide and a coverslip was sealed on with
wax. The slides were viewed under a Zeiss Deconvolution micro-
scope (Carl Zeiss Pty. Ltd., Australasia) and images taken using a
Zeiss AxioCam HR digital monochrome CCD camera. The tissues
were examined for the presence or absence of E-cadherin and local-
isation of the staining in the uterine tissue.
Sections of uterine tissue that had been snap-frozen in liquid
nitrogen (196 ° C) and stored at 80 °C were used for Western
blotting. Rat uterine tissue from day 1 of pregnancy was used as a
positive control. All rat tissue was shared using University of Sydney
Animal Ethics Committee protocol 2014/668. The protein samples
were extracted and diluted with lysis buffer and distilled water.
Standards were made out of BSA stock solution and 100 lL of each
standard and protein dilution were put into a 96-well plate bicin-
choninic acid (BCA) protein assay kit and made up according to the
manufacturer’s instructions (Micro BSATM Protein Assay kit; Thermo
Scientific, Rockford, IL, USA). The amount of protein in each well
was estimated using absorbance readings from a POLARstar Galaxy
Microplate Reader (BMG LabTech, Durham, NC, USA). Protein sam-
ples of 20 lg were loaded into a 10% SDS-PAGE gel alongside a
normal molecular weight ladder (Page Ruler pre-stained Protein
Ladder) at 200 V for 40 min and transferred to a polyvinylidene
difluoride (PVDF) membrane (Millipore Corporation, Bedford, MA,
USA) at 100 V for 1.5 h. The membranes were blocked in 5% skim
milk in Tris-buffered saline and Tween 20 (TBS-t) solution for 1 h.
Membranes were transferred to a primary antibody solution [E-cad-
herin (4A2) Mouse mAb; Cell Signalling Technology] in a dilution of
1 : 1000 1% skim milk to be left overnight. Membranes were rinsed
three times for 10 min in TBS-t and transferred to a secondary anti-
body solution (sheep anti-mouse, IgG, GE Healthcare) in a dilution
of 1 : 2000 in 1% skim milk for 1.5 h. Membranes were rinsed in
TBS-t and immediately imaged using a Chemidoc MP imaging sys-
tem (Bio-Rad) using enhanced chemiluminescence (ECL plus Wes-
tern Blotting Detection System; GE Healthcare). The membrane was
stripped and reprobed for b-actin as a control for equal protein
loading.
Results
E-cadherin staining in uterine epithelium
The E-cadherin staining is localised to the uterine epithe-
lium and glands in non-pregnant dunnarts (Fig. 1A). There
is uniform staining of E-cadherin along the lateral plasma
membrane of luminal and glandular epithelium (Fig. 2A).
In early and mid-stages of pregnancy, E-cadherin staining is
cytoplasmic throughout the uterine and glandular epithe-
lial cells, with some localised staining along the lateral
plasma membrane in early-stage pregnant (Figs 1B and 2B)
and mid-stage pregnant S. crassicaudata (Figs 1C and 2C).
In late stage pregnancy, E-cadherin staining is cytoplasmic
throughout the uterine and glandular epithelial cells, with
very little localised staining along the lateral plasma mem-
brane (Figs 1D and 2D). The IgG control images show no
localised E-cadherin staining in the uterine (Fig. 3A) or glan-
dular (Fig. 3B) epithelial cells. The positive control rat tissue
shows localised E-cadherin staining in the uterine epithe-
lium at day 1 of pregnancy and in liver (Figs 3C,D).
Western blot
A strong band is present for E-cadherin at 130 kDa in whole
uterine tissue in non-pregnant dunnarts (lane 3), early-
(lane 4), mid- (lane 5) and late-stage (lane 6) pregnant dun-
narts and rat day 1 of pregnancy (lane 2; positive control;
Fig. 4). Cadherins have a molecular weight of 120–140 kDa
(Takeichi, 1988). There is a smaller band at 34 kDa in the
dunnart tissue. b-Actin (42 kDa) was used as a loading con-
trol.
Discussion
E-cadherin is present in the fat-tailed dunnart (Fig. 4). It is
localised to the lateral plasma membrane in non-pregnant
dunnarts, which indicates the presence of a functional
adherens junction. However, there is a shift in localisation
of E-cadherin from the lateral plasma membrane of non-
pregnant dunnarts to the cytoplasm of both luminal and
glandular epithelium during mid- and late-stage pregnancy
(Figs 1 and 2) preceding attachment of the blastocyst which
occurs at day 11 of a 13-day gestation (Roberts & Breed,
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1994). These changes were observed uniformly across the
uterine epithelium as they are under hormonal control. We
interpret the loss of localised E-cadherin staining from the
lateral plasma membrane of the luminal and glandular
epithelium as the loss of the adherens junction in dunnarts.
The substantial loss of adhesion between uterine epithelial
cells likely aids in the invasion of the blastocyst between
these cells before the placenta develops and allows the
uterine lining to stretch to allow for embryonic growth.
The finding suggests that the dissociation of E-cadherin and
loss of the adherens junction in the lateral plasma mem-
brane are likely essential for achieving uterine receptivity
and attachment of an embryo in this marsupial species.
Other cadherins localised with a pan-cadherin antibody
also decrease in the plasma membrane of uterine epithelial
cells during pregnancy in viviparous lizards with non-inva-
sive placentae (Wu et al. 2011) and laboratory rats with
highly invasive (haemochorial) placentae (Hyland et al.
1998). Staining with this antibody that targets several cad-
herin proteins shifts from the basal region of the uterine
epithelium in laboratory rats on day 1 of pregnancy to the
apical region at implantation (Hyland et al. 1998). The local-
isation of pan-cadherin to the apical region of the uterine
epithelium in the laboratory rat may be to anchor the
trophoblast to the maternal tissue at implantation and to
contribute to the closure of the uterine lumen via cohesion
of opposing epithelial cells (Hyland et al. 1998). Due to the
use of antibodies which target several cadherin protein
types, it is unknown which specific cadherin proteins are
involved in the changes to cadherin during pregnancy in
the laboratory rat. However, a shift in E-cadherin to the api-
cal lateral plasma membrane was identified in human uter-
ine epithelial cells during the implantation window of the
menstrual cycle, suggesting that epithelial specific cadherin
may be responsible for preparing the endometrium for suc-
cessful invasive implantation (Buck et al. 2012). Similarly,
vascular endothelial (VE) cadherin localises apically in
endothelial cells from human placenta to facilitate blood
vessel formation signalled by vascular endothelial growth
factor (VEGF) (Shimoyama et al. 1989; Abraham et al.
2009).
In dunnarts, E-cadherin does not shift to the apical region
of the uterine epithelium; however, another cadherin pro-
tein (desmoglein-2) does shift to the apical surface during
early pregnancy. The shift in desmosomal proteins may aid
in the close apposition of the blastocyst to the apical cell
membrane preceding invasion between the epithelium at
implantation (Dudley et al. 2015). Desmoglein-2 also occurs
A B
C D
Fig. 1 Immunofluorescence micrographs of uterine epithelium from dunnarts across the stages of pregnancy. The E-cadherin staining is localised
to the uterine epithelium and uterine glands. (A) Uterine epithelium from non-pregnant dunnarts. There is uniform staining of E-cadherin along
the lateral plasma membrane of these cells. (B) Uterine epithelium from dunnarts that are in the early stage of pregnancy. E-cadherin staining is
cytoplasmic throughout the epithelial cells with some localised staining along the lateral plasma membrane. (C) Uterine epithelium from dunnarts
that are in the mid-stage of pregnancy. E-cadherin staining is cytoplasmic throughout the epithelial cells with some localised staining along the lat-
eral plasma membrane. (D) Uterine epithelium from dunnarts that are in the late stage of pregnancy. E-cadherin staining is cytoplasmic throughout
the epithelial cells with very little localised staining along the lateral plasma membrane. Green staining is E-cadherin. The nuclei are stained in blue
with a DAPI stain. Full arrows point to Uterine Epithelial Cells (UEC). The letter L refers to the lumen of the uterus.
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on the apical surface of endometrial luminal epithelium in
an in vitro model of implantation in Ishikawa cells (Singh &
Aplin, 2015). E-cadherin regulates desmosome assembly in
cell culture with the loss of E-cadherin and the breakdown
of the adherens junction reducing the cytoskeletal structure
of the cell (R€otzer et al. 2015).
A B
C D
Fig. 2 Immunofluorescence micrographs of uterine glandular epithelium from dunnarts across the stages of pregnancy. (A) Glandular epithelium
from non-pregnant dunnarts. There is uniform staining of E-cadherin along the lateral plasma membrane of these cells. (B) Glandular epithelium
from dunnarts that are in the early stage of pregnancy. E-cadherin staining is cytoplasmic throughout the uterine epithelial cells with some loca-
lised staining along the lateral plasma membrane. (C) Glandular epithelium from dunnarts that are in the mid-stage of pregnancy. E-cadherin stain-
ing is cytoplasmic throughout the epithelial cells with some localised staining along the lateral plasma membrane. (D) Glandular epithelium from
dunnarts that are in the late stage of pregnancy. E-cadherin staining is cytoplasmic throughout the epithelial cells with very little localised staining
along the lateral plasma membrane. Green staining is E-cadherin. The nuclei are stained in blue with a DAPI stain. Full arrows point to glandular
epithelial cells (GEC). The letter L refers to the lumen of the gland.
A B
C D
Fig. 3 Control images for
immunofluorescence micrographs. (A)
Negative control anti-mouse IgG staining in
uterine epithelium from early pregnant
dunnart. Only blue nuclei staining present. (B)
Anti-mouse IgG staining in glandular
epithelium from late pregnant dunnarts. Only
blue nuclei staining present. (C) Positive
control rat uterine epithelium from day 1 of
pregnancy. E-cadherin staining is localised to
the cytoplasm and lateral plasma membrane
of the uterine epithelium. (D) Positive control
rat liver shows cytoplasmic E-cadherin
staining throughout the cells.
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Epithelial cells can be induced to change to mesenchymal
cells by an epithelial–mesenchymal transition (EMT) path-
way (reviewed by Kokkinos et al. 2010). In mesenchymal
cells there is a reduced presence of E-cadherin in the cellular
membrane. These stromal-type cells lack apico-basal polar-
ity and have a reduction of other cell-to- cell junction mole-
cules such as Zonula-occludens-1 (ZO-1) and desmoplakin
(Hay, 1995). Consequently they are migratory and have
invasive potential (Vincent-Salomon & Thiery, 2003). Uncon-
trolled EMT can lead to the development of cancers when
the transition favours mesenchymal cells or to pregnancy
pathologies such as pre-eclampsia or fetal growth restric-
tion when the invasion of the trophoblast is reduced (re-
viewed by Kokkinos et al. 2010). E-cadherin is lost from the
cell junction and re-localised to the cytoplasm or nucleus of
the cell in the development of breast cancer (Kokkinos
et al. 2007). Uterine epithelial cells undergo a highly con-
trolled process known as the plasma membrane transforma-
tion (PMT) during early pregnancy which has some
similarities to an EMT but is reversible and allows invasive
placentation by the blastocyst at implantation (Png & Mur-
phy, 2002; Murphy, 2004). Our results show that the same
changes occur in E-cadherin in the uterine epithelium,
where it is lost from the cell membrane and becomes cyto-
plasmic during the PMT.
The comparative study of proteins that regulate the
remodelling of uterine epithelial cells during pregnancy is
important to understanding the evolution of placental inva-
siveness as well as the reproductive similarities between
eutherian and marsupial mammals. By identifying the pro-
teins that control cell adhesion and invasion of the
placenta, we can understand implantation during normal
pregnancy as well as abnormal or unsuccessful pregnancy.
Future studies should investigate which hormones control
these specific cellular changes in this marsupial species and
what role the presence of the blastocyst may play in these
changes. The common changes to E-cadherin and junctional
desmosomes across species studied to date suggest that the
dissociation of E-cadherin and loss of the adherens junction
in the lateral plasma membrane are likely essential for
achieving uterine receptivity and attachment of an embryo
across live-bearing lineages.
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Abstract 
The uterine epithelium undergoes remodelling to become receptive to blastocyst 
implantation during pregnancy in a process known as the plasma membrane 
transformation. There are commonalities in ultrastructural changes to the epithelium, 
which in eutherian pregnancies are controlled by maternal hormones, progesterone 
and oestrogens. We aimed to determine the effects that sex steroids have on the 
uterine epithelium in the fat-tailed dunnart, Sminthopsis crassicaudata, the first such 
study in a marsupial. Females were exposed to exogenous hormones whilst they were 
reproductively quiescent, thus not producing physiological concentrations of ovarian 
hormones. We found that changes to the protein E-cadherin, which forms part of the 
adherens junction, are controlled by progesterone and changes to the desmoglein-2 
protein, which forms part of desmosomes, are controlled by 17β-oestradiol. Exposure 
to a combination of progesterone and 17β-oestradiol cause changes to the microvilli 
on the apical surface and the ultrastructure of uterine epithelium. There is a decrease 
in lateral adhesion when the uterus is exposed to progesterone and 17β-oestradiol 
which mimics the hormonal environment of uterine receptivity. We conclude that 
uterine receptivity and the plasma membrane transformation in marsupial and 
eutherian pregnancy is under the same endocrine control and may be an ancestral 
feature of therian mammals.  
Key words: marsupial, desmosomes, adherens junction, plasma membrane 
transformation, uterine receptivity, progesterone, 17β-oestradiol  
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Introduction 
The uterine epithelium undergoes rapid remodelling to become receptive to the 
attaching embryo in a process termed the plasma membrane transformation (PMT; 
Murphy, 2000a; 2004). Changes to the ultrastructure and molecular distribution of 
the plasma membrane during this remodelling occur regardless of the invasiveness of 
the placenta that later develops (Murphy, 2000a; 2004; Murphy et al. 2000). In 
particular, changes to the lateral plasma membrane are conserved across both 
eutherian and marsupial lineages, despite variation in placental invasiveness in both 
mammalian groups (Illingworth et al. 2000; Dudley et al. 2015; Dudley et al. 2017; 
Laird et al. 2018). In eutherian mammals, phylogenetic analyses suggest that 
invasive forms of placentation (haemochorial and endotheliochorial) are ancestral to 
less invasive forms (epitheliochorial) (Vogel, 2005; Carter and Mess, 2007; Elliot 
and Crespi, 2009; Enders and Carter, 2004; 2012a; 2012b). 
The placenta forms during pregnancy to facilitate the transfer of nutrients and waste 
between mother and fetus and regulate the exchange of respiratory gases (Hamilton 
and Mossman, 1982; Mossman, 1987). Different anatomical variations, with varying 
degrees of invasiveness, have evolved in placentae of mammals (Mossman, 1987). 
Towards the end of pregnancy, Sminthopsis crassicaudata (Infraclass Metatheria; 
Marsupial) forms an endotheliochorial placenta, with invasion of the early embryo 
into the maternal uterus without invasion of the maternal blood stream (Breed and 
Roberts, 1994). This placental type allows nutrient and waste transfer whilst 
maintaining a barrier between blood streams (Enders and Carter, 2012a). The blood 
supply of the developing embryo is separate from the mother, which allows the 
mother to regulate the amount of nutrients being provided to the offspring and 
reduces the risk of immune rejection of the embryo (Enders and Carter, 2012a). 
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Identifying the mechanisms that underpin endotheliochorial placentation in 
marsupial species is crucial to understanding how this placental form evolved.  
All marsupials studied so far, including S. crassicaudata (Dasyuridae), Macropus 
eugenii (Macropodidae) and Trichosurus vulpecula (Phalangeridae), exhibit a PMT 
during early pregnancy to allow for attachment of the blastocyst prior to the 
formation of the placenta (Hughes, 1974; Roberts and Breed, 1994; Laird et al. 2014; 
Dudley et al. 2015; Dudley et al. 2017; Laird et al. 2018). The PMT includes 
changes to the ultrastructure and distribution of molecules along the lateral and basal 
plasma membrane of uterine epithelial cells, with modification to structures that 
regulate adhesion and permeability, including the adherens junction, desmosomes, 
focal adhesions and tight junctions (Laird et al. 2014; Dudley et al. 2015; Dudley et 
al. 2017). The changes in molecular redistribution and cellular ultrastructure are 
similar to those in eutherians that have highly invasive haemochorial placentation, 
such as the laboratory rat (Hyland et al. 1998; Orchard et al. 1999; Preston et al. 
2004). Marsupials and eutherians diverged approximately 130 million years ago 
(Nilsson et al. 2010), which suggests that the morphological and molecular changes 
to the lateral plasma membrane of uterine epithelium during uterine receptivity may 
be plesiomorphic in viviparous mammals. 
Blastocyst adhesion occurs through coordination of several blastocyst and maternal 
changes to hormones, cytokines, growth factors, integrins and carbohydrates 
(Kimber and Spanswick, 2000; Paria et al. 2002). Uterine receptivity to implantation 
is progesterone-dependent, but preceding implantation there is a loss of ovarian 
progesterone receptors in eutherian mammals, with the predominant production of 
progesterone transitioning to the stromal cells (Bazer et al. 2009). Progesterone is 
released by progesterone positive stromal cells throughout pregnancy, mediated by 
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stromal cell-derived growth factors known as ‘progestamedins’ (Spencer and Bazer, 
2002; Cunha et al. 2004; Bazer et al 2009). This process for progesterone production 
during pregnancy differs in marsupials, which have far fewer stromal cells than 
eutherians (Wagner et al. 2014), instead relying on progesterone production from the 
corpus luteum throughout the majority of the short gestation (Renfree 2010; 
Bradshaw and Bradshaw 2011). Progesterone from the corpus luteum prevents 
ovulation during pregnancy in marsupials (Bradshaw and Bradshaw, 2011). The 
corpus luteum in the dunnart secretes a spike in progesterone during early pregnancy 
(Menkhorst et al. 2009). Progesterone from within the cytosol of uterine epithelium 
is at baseline concentrations during formation of the placenta in the quokka, Setonix 
brachyurus, and the tammar wallaby, M. eugenii, with production of progesterone 
predominately from the placenta to support the developing embryo after the loss of 
the corpus luteum (Renfree and Blanden, 2000). Presence of the fetus stimulates 
production of progesterone through the yolk sac placenta, leading to subsequent 
endometrial changes in the tammar (Heap et al. 1980). 
In eutherian uterine epithelial cells, transmembrane proteins such as epithelial 
cadherin (E-cadherin) and desmosomal cadherin provide lateral cell to cell adhesion 
by linking the actin cytoskeleton to that of the adjacent cell (Holthofer et al. 2007; 
Meng and Takeichi, 2009). Cadherins form adhesion complexes, including the 
adherens junctions and desmosomes, which provide structure to the epithelium along 
the lateral plasma membrane (Hartsock and Nelson, 2008). These adhesion 
complexes maintain the tissue integrity of uterine epithelium when the uterus is not 
receptive to implantation (Preston et al. 2004; Preston et al. 2006). In eutherian 
mammals where it has been studied, lateral adhesion is reduced at uterine receptivity 
due to the change in presence and localisation of desmosomes (Orchard et al. 1999; 
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Illingworth et al. 2000; Preston et al. 2004). Desmosomes decrease in number during 
early pregnancy in laboratory mice (Illingworth et al. 2000) and S. crassicaudata, 
accompanied by the redistribution of a key marker of desmosomes, desmoglein-2, to 
the apical region of the lateral plasma membrane in this marsupial species with 
endotheliochorial placentation (Dudley et al. 2015). E-cadherin and other cadherin 
proteins form the adherens junctions, which are modified during early pregnancy in 
both the laboratory rat (Hyland et al. 1998; Orchard et al. 1999) and S. crassicaudata 
(Dudley et al. 2017).  
There is a complete breakdown of the adherens junction and loss of the terminal web 
in laboratory rats preceding implantation (Murphy, 2000a; Dowland et al. 2016) and 
plakoglobin (a protein found within both classical and desmosomal cadherins) shifts 
to the apical portion of the lateral plasma membrane at implantation (Orchard et al. 
1999). Desmosomal proteins, desmoplakin, desmoglein-2 and the adherens junction 
proteins E-cadherin and β-catenins localise apically during the early luteal phase in 
human endometrium (Buck et al. 2012), when epithelial cells become receptive to 
implantation and progesterone concentrations are high (Denker, 1993; 1994).  
The PMT is initiated by the presence of the female reproductive hormones 17β-
oestradiol and progesterone in the laboratory rat (Preston et al, 2004; Lindsay and 
Murphy, 2006), but it is not known whether these hormones also control the uterine 
changes in marsupials with less invasive placentation. We aimed to expose S. 
crassicaudata to 17β-oestradiol and progesterone hormones to characterise changes 
to the uterine epithelium and identify the commonality (and any differences) in 
uterine processes surrounding pregnancy compared to eutherian species. Our aim is 
to identify changes in ultrastructure and any changes in the uterine expression of 
desmoglein-2 and E-cadherin in the uterine epithelium of S. crassicaudata.   
78 
 
Materials and methods 
Tissue collection and processing 
Seventeen female S. crassicaudata were exposed to exogenous hormones whilst they 
were reproductively quiescent, thus not producing physiological concentrations of 
ovarian hormones (McAllan et al. 2012). They were exposed to short photoperiod 
(LD 10:14) for a minimum of 4 weeks outside of the reproductive season for this 
colony during 2016-2017, as the reproductive cycle for this species is influenced by 
photoperiod (McAllan, 2003). The short photoperiod was used because it is the 
shortest day length the animals would experience in the wild and initiates complete 
reproductive quiescence in the laboratory (McAllan et al. 2012). In this species, 
circulating progesterone concentrations are maintained during pregnancy with a rise 
in 17β-oestradiol before parturition (Menkhorst et al. 2009). The reproductive status 
of the females was checked through body mass change, examination of the pouch 
and the change in vaginal epithelial cells obtained from smears taken from the 
urogenital sinus and observed and quantified under a light microscope (Woolley, 
1990; McAllan et al. 2012). Animals were included in the hormone treatments once 
they showed signs of anoestrous; exhibiting daily torpor, having a small, closed, 
furred pouch and no vaginal epithelial cells in vaginal smears. Females were injected 
with either progesterone (P4 N=4, 99%, Sigma) or 17β-oestradiol (N= 4; 98%, 
Sigma) for five days or progesterone for 4 days followed by a final combination 
injection of progesterone and 17β-oestradiol on day 5 (N=4). Control animals were 
injected with peanut oil (Crisco) only (N=5). Injections were based upon the 
assumption of 8% blood volume and all doses were made up to 0.1 ml (based on 15 g 
body mass; McAllan et al. 2012). The hormones were dissolved in peanut oil to 3 
ng/mL for 17β-oestradiol and 10 ng/mL for progesterone, which represent 
approximate circulating concentrations during normal pregnancy (Hinds, 1989; 
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Menkhorst et al. 2009, McAllan et al. 2012). Injections were administered at 0900 h 
each day into the peritoneal cavity with a 27G needle. After euthanasia by CO2 gas 
inhalation, uterine tissue was dissected and processed for transmission electron 
microscopy, immunofluorescence microscopy and western blots. Ovaries were fixed 
in 10% neutral buffered formalin for 24 h and stored in 70% ethanol. All animal 
experimentation was undertaken with permission from the University of Sydney 
(2015/921) and NSW Office of the Environment. 
Light microscopy of ovaries 
Ovaries were dehydrated to 100% ethanol and embedded in paraffin. The paraffin 
blocks were serially sections at 5 µm using a Tissue-Tek Accu-Cut™ microtome 
(Sakura, Tokyo, Japan). Sections were mounted on gelatin coated glass slides and 
stained with haematoxylin and eosin (Drury and Wallington, 1980). Images were 
taken using a Zeiss AxioCam HR digital CCD camera on a Zeiss Deconvolution 
microscope (Carl Zeiss Pty. Ltd., Australasia). The ovary sections were examined for 
presence of follicles and corpora lutea (Selwood and Woolley, 1991; Kress et al., 
2001). The gross reproductive tract morphology, size and presence of vascularisation 
was examined to determine the effect of each hormone treatment.  
Transmission electron microscopy  
Pieces of uterus approximately 1 mm3 were fixed in 2.5% glutaraldehyde in 0.2 M 
phosphate buffer (PBS) pH 7.4 for 1 h. The samples were rinsed in 0.1 M PBS and 
secondarily fixed in 4% osmium tetroxide (OsO4) with 0.8% potassium ferrocyanide 
(K4Fe(CN)6). They were then washed in 0.1 M phosphate buffer and gradually 
dehydrated in 20% increments of ethanol over 2 h. The tissues were gradually 
infiltrated with EPON resin in increasing increments from 25% to 100% and left on a 
rotator overnight in fresh 100% resin. They were embedded in BEEM capsules and 
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polymerised at 60 °C overnight. One or two resin blocks were sectioned per animal 
using a Leica Ultrastat S microtome (Leica, Heerbrugg, Switzerland) with glass 
knives. Sections of 60 to 90 nm thickness were mounted onto 200 µm mesh copper 
grids (ProSci Tech, Queensland, Australia). Up to 5 grids were made per resin block. 
The grids were post stained on drops of 2% uranyl acetate for 10 min and rinsed in 
warm water. They were then floated on top of drops of Reynold’s lead citrate stain, 
surrounded by sodium hydroxide pellets (NaOH) for 10 min and rinsed in warm 
water. Each grid was viewed under a JEOL 1400 transmission electron microscope 
operating at 120 kV (Tokyo, Japan). Images were taken using a Gatan Erlangshen 
camera (CA, USA). A minimum of 4 sections were imaged.  
Desmoglein-2 and E-cadherin immunofluorescence and western blotting 
The sections of uterine tissue used for immunofluorescence were stored in Tissue-
Tek OCT™ cryoprotectant (Sakura, Tokyo, Japan) in liquid nitrogen (-196 °C). 
Sections of 8 µm thickness were cut at -25 °C using a Leica CM3050 S cryostat 
(Leica, Keerbrugg, Switzerland) and mounted on slides coated in gelatin. Five slides 
with nine sections on each were made for each animal and stored at -20 °C. Two 
slides were randomly allocated as experimental slides, two as control slides and one 
to be analysed under light microscopy for general morphology. During initial 
immunofluorescence work, tissues from the laboratory rat were used as a positive 
control because the desmoglein-2 and E-cadherin antibody cross reacts with their 
uterine tissue (Preston et al. 2004; Dudley et al. 2015; Dudley et al. 2017). The 
experimental and control slides were fixed in acetone for 30 min. The slides were 
then blocked in 1% bovine serum albumin in PBS for 30 min. The desmoglein-2 
experimental slides were covered in the primary antibody (rabbit anti-desmoglein 2 
antibody; Sapphire bioscience, Waterloo, NSW, Australia) at a dilution of 0.4 µg/mL 
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in 1% Bovine Serum Albumin (BSA) for 2 h in a humid chamber. The E-cadherin 
experimental slides were covered in the primary antibody (E-cadherin (4A2) Mouse 
mAb; Cell Signalling Technology, Danvers, MA, USA) at a 1.15 µg/mL dilution in 
1% Bovine Serum Albumin (BSA) for 2 h in a humid chamber. The desmoglein-2 
control slides were incubated in a separate humid chamber for 2 h with anti-rabbit 
primary IgGs at the same concentration as primary antibodies (Sigma- Aldrich, 
Castle Hill, Sydney, Australia). The E-cadherin control slides were incubated for 2 h 
with anti-mouse primary IgGs at the same concentration as primary antibodies 
(Sigma- Aldrick, Castle Hill, Sydney, Australia). All slides were rinsed in PBS for 10 
min. The desmoglein-2 slides were then incubated for 1 h in secondary antibody 
(goat anti-rabbit FITC IgG antibody; Jackson Immunoresearch Laboratories, Inc., 
West Grove, PA, USA) at a 3 µg/mL dilution in BSA. The E-cadherin slides were 
incubated for 1 h in secondary antibody (goat anti-mouse FITC) at a 3 µg/mL 
dilution in BSA. All slides were rinsed in PBS for 15 min and air-dried. A drop of 
Vectorshield with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA) was 
added to the centre of each slide and a coverslip was sealed on with wax. The slides 
were viewed under a Zeiss Deconvolution microscope (Carl Zeiss Pty. Ltd., 
Australasia) and images taken using a Zeiss AxioCam HR digital CCD camera. The 
tissues were examined for the presence or absence of desmoglein-2 and E-cadherin 
and the localisation of the staining in the uterine tissue.  
 
Sections of uterine tissue for western blotting were snap frozen in liquid nitrogen (-
196° C) and stored at -80 °C . Rat uterine tissue from day 1 of pregnancy was used as 
a positive control (Preston et al. 2004). The samples were homogenised using 
homogenising beads in lysis buffer (50 mM Tris-HCl, 1mM EDTA, 150 mM NaCl, 1 
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% Igepal, MilliQ H2O; Sigma-Aldrich) containing 1 % protease inhibitor cocktail 
(Sigma-Aldrich) and 10 % PhosSTOP phosphatase inhibitor (Roche, NSW, 
Australia). Aliquots of 5 µL were stored at -80 °C. Protein samples were extracted 
and diluted with distilled water at 1:100, 1:200 and 1:400 dilutions. Standards were 
made out of BSA stock solution and 100 µL of each standard and protein dilution 
were put into a 96 well plate (Thermo Scientific, USA). Bicinchoninic acid (BCA) 
protein assay kit was made up according to the manufacturer’s instructions (Micro 
BSA™ Protein Assay kit; Thermo Scientific, Rockford, IL, USA) and 100 µL was 
added to each well. The amount of protein in each well was estimated using 
absorbance readings from a CLARIOstar Microplate Reader (BMG LabTech, 
Durham, NC, USA). Protein samples of 20 µg were loaded into a 10% SDS-PAGE 
gel alongside 5 µg of a normal molecular weight ladder (Page Ruler pre-stained 
Protein Ladder) at 200 V for 40 min and transferred to a polyvinylidene difluoride 
(PVDF) membrane (Millipore Corporation, Bedford, MA, USA) at 100 V for 1.5 h. 
The membranes were blocked in 5% skim milk (2.5 g skim milk powder to 50 mL 
Tris-Buffered Saline and 1% Tween 20 (TBS-t) solution) for 1 h. Membranes were 
transferred to a primary antibody solutions (rabbit anti-desmoglein-2 antibody [0.204 
µg/mL]; Sapphire Bioscience, Waterloo, NSW, Australia and E-cadherin (4A2) 
Mouse mAb [0.26 µg/mL]; Cell Signalling Technology, Danvers, MA, USA) in a 
dilution in 1% skim milk in TBS-t and left on a rocker for 24 h at 4° C . Membranes 
were rinsed 3 times for 10 min in TBS-t and transferred to a secondary antibody 
solution (Polyclonal goat anti-rabbit IgG HRP linked antibody; 0.52 µg/mL; Dako, 
Denmark) in 1% skim milk for 1.5 h. Membranes were rinsed in TBS-t and 
immediately imaged using a Chemidoc MP imaging system (Biorad) using enhanced 
chemiluminescence (ECL plus Western Blotting Detection System; GE Healthcare, 
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Buckinghamshire, UK). To ensure the same amount of protein was loaded into each 
well, the membrane was stripped for β-actin by incubating the membrane in stripping 
buffer (62.5mM Tris-HCl, pH 6.7, 2 % SDS and 100 mM β-mercaptoethanol) for 45 
min at 60 °C. Each membrane was rinsed twice for 10 min in TBS-t and then 
blocked in 5% skim milk for 1 h. They were then incubated in the primary antibody 
(monoclonal anti-β-actin antibody produced in mice; 1.5 µg/mL; Sigma-Aldrick, 
Castle Hill, Sydney) in 1% skim milk and left overnight on a rocker. Membranes 
were rinsed in TBS-t 3 times for 10 min and incubated in the secondary antibody 
(sheep anti-mouse, IgG; 1 µg/mL; GE Healthcare, Buckinghamshire, UK) in 1% 
skim milk for 1.5 h. The membrane was rinsed in TBS-t and immediately imaged 
using the Chemidoc MP imaging system. Images were analysed using Image Lab© 
software (version 4.0.1, Bio-rad Laboratories, CA, USA) to determine the band sizes. 
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Results 
Light microscopy of ovaries and gross uterine morphology 
The ovaries from all non-reproductive female S. crassicaudata are small with no 
follicular development seen macroscopically. There are primordial and primary 
follicles with some secondary follicles present (Figure 1a). The uteri are small with 
minimal vascularisation (Figure 1b). The ovaries from progesterone treated female S. 
crassicaudata have primary and secondary follicles with some corpora lutea (Figure 
1c). The uteri are larger in size with an increase in vascularisation (Figure 1d). The 
ovaries from 17β-oestradiol treated S. crassicaudata have large corpora lutea and 
some secondary follicles (Figure 1e). The uteri and vaginal canals are large, fluid 
filled and have an increase in vascularisation (Figure 1f). The ovaries from S. 
crassicaudata in the progesterone in combination with 17β-oestradiol group have 
primary and secondary follicles present (Figure 1g). The uteri and vaginal canals are 
fluid-filled with vascularisation present (Figure 1h).  
Transmission electron microscopy 
Uterine epithelial cells from control non-reproductive female S. crassicaudata are 
simple cuboidal cells with glands present (Figure 2a). The uterine epithelial cells 
from progesterone treated female S. crassicaudata are simple columnar with basally 
located nuclei with precipitated chromatin and short microvilli present on the luminal 
surface of the cells (Figure 2b). Uteri from 17β-oestradiol treated S. crassicaudata 
have an increase in cytoplasmic vacuoles within the uterine epithelium. The uterine 
epithelial cells are pseudostratified with abundant mitochondria and cytoplasmic 
inclusions and long cilia on the apical membrane of some cells (Figure 2c). Uterine 
epithelial cells from S. crassicaudata in the progesterone in combination with 17β-
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oestradiol group are pseudostratified with cytoplasmic inclusions within the cells and 
sparse microvilli on the surface of a flattened apical surface (Figure 2d). 
Scanning electron microscopy 
The luminal surface of uterine epithelial cells from control non-reproductive female 
S. crassicaudata have a clear border around the cells. There are gland apertures 
present along the uterine surface (Figure 3a). The luminal surface in progesterone 
treated female S. crassicaudata is rounded with short microvilli present on the 
surface. Uterodomes are present (Figure 3b). The luminal surface of uterine epithelial 
cells in 17β-oestradiol treated S. crassicaudata have lost a clear border and some 
cells have cilia on the luminal surface (Figure 3c). Uterine epithelial cells from S. 
crassicaudata in the progesterone in combination with 17β-oestradiol group have a 
generally flattened luminal surface with structured borders and some convex cells. 
There are sparse short microvilli on the surface of the cells (Figure 3d). 
86 
 
 
Fig. 1. Light microscope images of ovaries stained with haematoxylin and eosin and 
images of the gross reproductive tract from hormone treated female S. crassicaudata. 
Scale bars for the light microscopy of the ovaries represent 100 µm. Scale bars for 
the gross morphology of the reproductive tract represent 5 mm. (a) The ovaries from 
non-reproductive female S. crassicaudata have predominantly primordial and 
primary follicles present. (b) The small uteri have minimal vascularisation present. 
(c) The ovaries from progesterone treated female S. crassicaudata have primary and 
secondary follicles as well as corpora lutea. (d) The large uteri are vascularised. (e) 
There are large corpora lutea and secondary follicles present in ovaries from 17β-
oestradiol treated S. crassicaudata. (f) The large uteri and vaginal canals are highly 
vascularised, and fluid filled. (g) The ovaries from S. crassicaudata in the 
progesterone in combination with 17β-oestradiol group have primary and secondary 
follicles. (h) The fluid filled uteri and vaginal canals are vascularised.  
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Fig. 2. Transmission Electron Microscopy (TEM) micrographs of the uterine surface 
and uterine epithelium of hormone treated female S. crassicaudata. Scale bars 
represent 5 µm, L represents the uterine lumen. (a) Uterine glandular epithelial cells 
from control non-reproductive female S. crassicaudata are simple cuboidal cells with 
rounded apices and short microvilli. (b) Uterine epithelial cells from progesterone 
treated female S. crassicaudata are simple columnar with basally located nuclei. (c) 
Uterine epithelial cells from 17 β-oestradiol treated females are pseudostratified with 
cytoplasmic vacuoles, mitochondria and secretory inclusions present. They have cilia 
on the luminal surface of cells with debris filling the lumen. (d) Uterine epithelial 
cells from S. crassicaudata in the progesterone in combination with 17β-oestradiol 
group are pseudostratified with cytoplasmic inclusions within the cells and sparse 
microvilli on a folded apical surface.  
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Fig. 3. Scanning Electron Microscopy (SEM) micrographs of the uterine surface of 
hormone treated female S. crassicaudata. Scale bars represent 2 µm. (a) Uterine 
epithelium from a control non-reproductive female S. crassicaudata. The epithelial 
cells have a clear border around the cells (black arrows). There are glands present 
along the uterine surface (arrow head). (b) Uterine epithelium from progesterone 
treated female S. crassicaudata. The uterine surface is domed with short microvilli 
and uterodomes present on the surface (black asterisk). (c) Uterine epithelium from 
17β-oestradiol treated S. crassicaudata. The cells have lost a clear border and some 
cells have cilia on the luminal surface (white arrow head). (d) Uterine epithelial cells 
from S. crassicaudata in the progesterone in combination with 17β-oestradiol group. 
The cells are slightly convex with structured borders (black arrows). There are sparse 
short microvilli on the surface of some cells. 
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Immunofluorescence microscopy 
Desmoglein-2  
Uterine epithelial cells from females in the control group have desmoglein-2 (Dsg-2) 
staining in the uterine epithelium confined mainly to the apical and lateral plasma 
membrane (Figure 4a). Uterine epithelial cells in progesterone treated female S. 
crassicaudata have basally located nuclei. There is punctate Dsg-2 staining along the 
lateral plasma membrane with predominant staining in the apical region of the lateral 
plasma membrane (Figure 4b). Uterine epithelium in 17β-oestradiol treated S. 
crassicaudata have Dsg-2 staining localized to the apical region of the lateral plasma 
membrane with some basal punctate staining (Figure 4c). Uterine epithelial cells 
from S. crassicaudata in the progesterone in combination with 17β-oestradiol group 
have Dsg-2 staining localized to the apical region of the lateral plasma membrane 
with some punctate staining along the whole lateral plasma membrane. Nuclei are 
located basally in the uterine epithelial cells (Figure 4d). Positive control staining in 
laboratory rat tissue at day 1 of pregnancy has Dsg-2 staining localized to the uterine 
epithelium (Figure 4e). IgG controls show no specific binding with only nuclei 
stained with DAPI present, 17β-oestradiol tissue is shown as a representative 
example (Figure 4f). 
E-cadherin 
Uterine epithelial cells from control non-reproductive female S. crassicaudata held 
under a short photoperiod to suppress circulating reproductive hormones have E-
cadherin staining faintly localised to the uterine epithelium mainly in the basal region 
of the cell (Figure 5a). Uterine epithelium in progesterone treated female S. 
crassicaudata has cytoplasmic E-cadherin staining throughout the cell with some 
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localised staining along the lateral plasma membrane (Figure 5b). Uterine epithelium 
in 17β-oestradiol treated S. crassicaudata has E-cadherin staining localized mainly to 
the apical portion of the lateral plasma membrane in this group (Figure 5c). Uterine 
epithelial cells from S. crassicaudata in the progesterone in combination with 17β-
oestradiol group have cytoplasmic E-cadherin staining throughout the cell with some 
localisation to the apical portion of the lateral plasma membrane (Figure 5d). Positive 
control staining in a laboratory rat at day 1 of pregnancy shows cytoplasmic E-
cadherin staining throughout the cell with some localized staining to the lateral 
plasma membrane (Figure 5e). IgG controls show no specific binding with only 
nuclei stained with DAPI present, progesterone treated tissue is shown as a 
representative example (Figure 5f).  
Western blotting 
The western blot of whole uterine tissue (20 µg) from hormone treated S. 
crassicaudata show bands at the expected sizes for desmoglein-2 and E-cadherin. 
Desmoglein-2 has a full length of 150 kDa with proteolytic fragments (Kolegraff et 
al. 2011). E-cadherin has a molecular weight of 120-140 kDa (Shirayoshi et al. 
1986). Bands for Desmoglein-2 are visible around 150 kDa, 72 kDa and 55 kDa for 
all animals (Figure 6a). E-cadherin has a single band at approximately 130 kDa 
(Figure 6b). Cadherins have a molecular weight of 120-140 kDa (Lin et al. 2008). Β-
actin (42 kDa) was used as a loading control.  
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Fig. 4. Immunofluorescence micrographs of desmoglein-2 (Dsg-2) in uterine 
epithelial cells of hormone treated female S. crassicaudata. Nuclei fluorescence is 
blue, desmoglein-2 fluorescence is green, uterine lumen (L), uterine epithelial cells 
(white arrows, UEC) and scale bars all represent 20 µm. (a) Uterine epithelium from 
control non-reproductive female S. crassicaudata kept in a short photoperiod to 
suppress circulating reproductive hormones. Dsg-2 staining is localized to the uterine 
epithelium with some staining of the apical and lateral plasma membrane. (b) Uterine 
epithelium from progesterone treated female S. crassicaudata. Nuclei are located 
basally in the uterine epithelial cells. There is punctate Dsg-2 staining predominantly 
along the lateral plasma membrane mostly found in the apical region of the lateral 
plasma membrane. (c) Uterine epithelial cells from 17β-oestradiol treated S. 
crassicaudata. Dsg-2 staining is localized to the apical region of the lateral plasma 
membrane in this group with some punctate staining basally. (d) Uterine epithelial 
cells from S. crassicaudata in the progesterone in combination with 17β-oestradiol 
group. Dsg-2 staining is localized to the apical region of the lateral plasma 
membrane with some punctate staining along the whole lateral plasma membrane. 
Nuclei are located basally in the uterine epithelial cells. (e) Positive control staining 
in laboratory rat tissue at day 1 of pregnancy. The Dsg-2 staining is localised to the 
lateral plasma membrane and the cytoplasm of the uterine epithelium. (f) IgG 
controls run with all experimental groups showed no staining (Figure 3f is a 
representative example from the 17β-oestradiol treated group). Blue nuclei staining 
with DAPI is present. 
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Fig. 5. Immunofluorescence micrographs of E-cadherin (E-cad) in uterine epithelial 
cells of hormone treated female S. crassicaudata. Nuclei fluorescence is blue, E-
cadherin fluorescence is green, uterine lumen (L), uterine epithelial cells (white 
arrows, UEC) and scale bars all represent 20 µm. (a) Uterine epithelium from a 
control non-reproductive female S. crassicaudata kept in a short photoperiod to 
suppress circulating reproductive hormones. Faint E-cad staining is localised to the 
uterine epithelial cells mainly in the basal region of the cell. (b) Uterine epithelium 
from progesterone treated female S. crassicaudata. There is E-cad staining 
throughout the cytoplasm with some localized staining along the lateral plasma 
membrane. (c) Uterine epithelial cells from 17β-oestradiol treated S. crassicaudata. 
E-cad staining is localised only to the apical portion of the lateral plasma membrane 
in this group. (d) Uterine epithelial cells from S. crassicaudata in the progesterone in 
combination with 17β-oestradiol group. E-cad staining is cytoplasmic throughout the 
cell with some localization to the lateral plasma membrane. (e) Positive control 
staining in a laboratory rat at day 1 of pregnancy. E-cad staining is throughout the 
cytoplasm with some localized staining to the lateral plasma membrane. (f) IgG 
controls run with all experimental groups showed no staining (4f is a representative 
example from the progesterone treated group). Blue nuclei staining with DAPI is 
present. 
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Fig. 6. Western blot of whole uterine tissue from hormone treated S. crassicaudata. 
There was 20 µg of protein loaded per well. Rat day 1 of pregnancy was loaded as a 
positive control for both western blots. (a) Bands for Desmoglein-2 occur around 150 
kDa, 72 kDa and 55 kDa. 1: Exogenous progesterone (10 ng/mL) injected for 5 days.  
2: Exogenous 17β-oestradiol (3 ng/mL) injected for 5 days. 3: Exogenous 
progesterone (10ng/mL) and 17β-oestradiol (3 ng/mL) on day 5. 4: Control injection 
of only peanut oil. 5: Rat day 1 pregnant control. (b) E-cadherin has a single band 
around 130 kDa. 1: Exogenous progesterone (10 ng/mL) injected for 5 days.  2: 
Exogenous 17β-oestradiol (3 ng/mL) injected for 5 days. 3: Exogenous progesterone 
(10ng/mL) and 17β-oestradiol (3 ng/mL) on day 5. 4: Control injection of only 
peanut oil. 5: Rat day 1 pregnant control. Β-actin (42 kDa) was used as a loading 
control. Normal molecular weight ladder (L).  
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Discussion 
Exposure to exogenous progesterone and 17β-oestradiol in the marsupial S. 
crassicaudata causes changes to the ultrastructure and protein localisation of the 
uterine epithelium, with a combined effect that creates a similar morphology to that 
of the receptive phenotype for attachment of the blastocyst in this species (Laird et 
al. 2014; Dudley et al. 2015). The receptive phenotype of uterine epithelial cells is 
similar to that of laboratory rats and mice preceding implantation, including 
flattening of the uterine surface with loss of regular microvilli, extension of the tight 
junction, loss of the adherens junction and a reduction in the number of desmosomes 
along the lateral plasma membrane (Murphy, 2000b; Murphy, 2004; Preston et al. 
2004; Dowland et al. 2016).  
Progesterone exposure alone in S. crassicaudata leads to an alteration in the apical 
plasma membrane with the formation of uterodomes and a reduction in microvilli on 
the luminal surface. Administration of 17β-oestradiol alone leads to the formation of 
cilia while treatment with progesterone in combination with 17β-oestradiol produces 
flattening of the apical surface of the epithelium with a loss of microvilli. A 
reduction in microvilli and flattening of the luminal surface of epithelial cells is a 
characteristic of uterine receptivity during pregnancy in S. crassicaudata (Laird et al. 
2014; Dudley et al. 2015). The presence of these ultrastructural changes support the 
hypothesis that 17β-oestradiol and progesterone facilitate the plasma membrane 
transformation in this marsupial species.  
Non-reproductive S. crassicaudata have strong lateral adhesion between uterine 
epithelial cells with the adherens junction and desmosomes present along the lateral 
plasma membrane. Furthermore, desmoglein-2 staining is localised to the lateral 
plasma membrane in non-reproductive S. crassicaudata, suggesting that desmosomes 
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are present. After exposure to 17β-oestradiol only, and in combination with 
progesterone, desmoglein-2 staining is localised to the apical region of the lateral 
plasma membrane in a similar pattern to that during uterine receptivity, suggesting 
that desmosomes have shifted apically. Uterine receptivity in laboratory rats and 
mice, which develop highly invasive haemochorial placentae, is characterised by a 
loss of desmosomes along the lateral plasma membrane and a reduction in lateral 
adhesion, which facilitates invasion by the blastocyst (Illingworth et al. 2000; 
Preston et al. 2006). There is a similar decrease in the number of desmosomes and a 
redistribution to the apical region of the lateral plasma membrane at uterine 
receptivity in pregnant S. crassicaudata (Dudley et al. 2015). Therefore, we conclude 
that exposure to exogenous 17β-oestradiol in S. crassicaudata contributes to the 
reduction in adhesion through the redistribution of desmosomes. This pattern differs 
from the laboratory rat where progesterone alone regulates a change in desmoglein-1 
and 2 localisation and presumably the remodelling of desmosomes (Preston et al. 
2004), suggesting that, at least with these two species as examples, marsupials and 
eutherians have enlisted different mechanisms for the molecular regulation of lateral 
adhesion during uterine receptivity.  
The adhesion protein E-cadherin, associated with the adherens junction is localised 
to the lateral plasma membrane in non-reproductive S. crassicaudata. When exposed 
to progesterone alone and in combination with 17β-oestradiol, E-cadherin is 
cytoplasmic and with no localisation to the lateral plasma membrane. Similarly, 17β-
oestradiol downregulates cadherin in the mouse when co-administered with 
progesterone (Jha et al. 2006). The adherens junction breaks down preceding 
implantation in the laboratory rat (Murphy, 2000a; Dowland et al. 2016) with key 
adhesion proteins such as plakoglobin, E-cadherin and β-catenins changing in 
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localisation along the lateral plasma membrane of epithelial cells during uterine 
receptivity when progesterone concentrations are high (Denker, 1994; Orchard et al. 
1999; Buck et al. 2012). These results suggest that the presence of progesterone at 
the time of uterine receptivity aids in the breakdown of the adherens junction in both 
eutherians and marsupials. This contrasts to the differences in the hormonal control 
of desmosomes, suggesting that there are both conserved and divergent mechanisms 
regulating lateral adhesion during uterine receptivity in marsupials and eutherians.  
In the quokka, progesterone injections increase follicular development of the ovaries 
and lead to remodelling of the uterine epithelium from cuboidal to columnar, with 
basally located nuclei (Sharman, 1955; Waring 1955). In comparison, during 
anoestrous in the quokka, the ovaries are small in size with no mature Graafian 
follicles and only degenerating corpus luteum present (Sharman, 1955). These same 
changes to the morphology of the ovaries and uterine epithelial cells occur in S. 
crassicaudata when exposed to progesterone. In the rabbit ovary, high circulating 
concentrations of progesterone inhibit follicular development (Setty and Mills, 
1987). Exogenous oestrogens have contrasting effects on follicular development 
among eutherian species (Kim and Greenwald, 1987). In the rat, oestrogens increase 
follicular development (Kim et al., 1984), but not in the rabbit, guinea pig and mouse 
(Kim and Greenwald, 1987).  
Following ovulation in marsupials, there are changes to the nucleoli and an increase 
in uterine gland development, presumably due to the increase in oestrogen (Harder et 
al. 1993; Bradshaw and Bradshaw, 2011). The uterine glands are highly secretory 
and increase the endometrial surface area (Shorey and Hughes, 1973; Harder et al. 
1993). Like S. crassicaudata, nuclei within the uterine epithelium of the quokka 
become basally located and the non-ciliated cells become more secretory with an 
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increase in cytoplasmic vacuoles for the secretion of proteins, such as cytokines, 
during uterine receptivity when exposed to both progesterone and 17β-oestradiol 
(Shorey and Hughes, 1973; Cruz and Selwood; 1997; Menkhorst, 2009). When 
exposed to exogenous 17β-oestradiol, there is an increase in fluid retention within the 
uterus of S. crassicaudata and an increase in cytoplasmic inclusions and vacuoles 
within the uterine epithelium suggesting that the epithelial cells are secretory.  
The ‘window of receptivity’ is dependent on progesterone and oestrogens during 
pregnancy in eutherian mammals (Bazer et al. 2009). An abnormal progesterone to 
oestrogens ratio leads to changes in the histological structure of the endometrium as 
well as changes in gene and cytokine expression (Li and Jin 2013; Boomsma et al. 
2010). However, the changes to circulating progesterone concentrations hasten 
receptivity but may not prevent implantation (Groenewoud et al. 2017), as do 
changes in concentration of oestrogens (Pellicer et al. 1996). During a receptive 
state, there is an increase in both progesterone and oestrogens, which coincides with 
a loss of microvilli and formation of large apical protrusions known as pinopodes or 
uterodomes (Murphy, 2000b; Paria et al. 2002), both obvious in S. crassicaudata 
when exposed to exogenous progesterone and 17β-oestradiol. In eutherians, the 
presence of many long microvilli is typical with high concentrations of oestrogens 
whereas short microvilli with apical protrusions are characteristic of high 
progesterone exposure (Nilsson et al. 1980). Ovarian hyper-stimulation in humans 
leads to a reduction in progesterone and 17β-oestradiol receptors within the glands 
and stroma of the uterus, which impairs uterine receptivity (Nilsson et al. 1980; 
Pellicer et al. 1996; Lee et al. 2009). Similarly, cilia and abundant microvilli are 
present on uterine epithelial cells from S. crassicaudata that are exposed to 
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exogenous 17β-oestradiol, which is reflective of the non-receptive phenotype for this 
marsupial species (Laird et al. 2014).  
We have shown that exposure to a combination of exogenous progesterone and 17β-
oestradiol causes changes to the microvilli on the apical surface and the general 
ultrastructure of the uterine epithelium in S. crassicaudata that mimic uterine 
receptivity. Redistribution and dissociation of the adhesion molecules desmoglein-2 
and E-cadherin in the uterine epithelium occurs when the epithelium is receptive to 
implantation, which occurs during a peak of progesterone and 17β-oestradiol. It is 
only through the combination of both exogenous steroid hormones that the adherens 
junction and desmosome complexes are disrupted in S. crassicaudata, leading to an 
overall decrease in the lateral adhesion. This decrease in lateral adhesion when 
exposed to progesterone and 17β-oestradiol, mimics the hormonal environment of 
uterine receptivity. The commonalities in cellular changes due to exposure to steroid 
hormones between eutherians and marsupials suggest that the plasma membrane 
transformation and uterine receptivity are regulated by the same hormonal cues 
across live-bearing mammals and may be an ancestral feature of therian uterine 
receptivity.   
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Abstract 
Mammals exhibit similar changes in uterine epithelial morphology during early 
pregnancy despite having a diverse range of placental types. The uterine epithelium 
undergoes rapid morphological and molecular change (‘plasma membrane 
transformation’ PMT) during the early stages of pregnancy to allow attachment of 
the blastocyst. The domestic cat, Felis catus is in the order Carnivora; all species 
within the Carnivora studied so far develop an endotheliochorial placenta during 
pregnancy. The endotheliochorial placental type is a common form of placental 
invasion in mammals. The molecular changes that allow remodeling of the uterine 
epithelium in preparation for implantation are unknown in most mammals but would 
provide us with an understanding of what molecules underpin successful 
implantation and pregnancy among Carnivora. We used immunofluorescence 
microscopy to localize the key adherens junction proteins desmoglein-2 and E-
cadherin in the lateral plasma membrane of the uterine epithelium of Felis catus 
during pregnancy. We show that re-distribution of desmoglein-2 and E-cadherin 
likely facilitates reduction of cell to cell adhesion allowing for implantation of the 
blastocyst and formation of the placenta. The ultrastructural and molecular changes 
to the uterine epithelium during early pregnancy in Felis catus are similar to that in 
species with other levels of placental invasiveness, suggesting that key molecules 
such as desmoglein-2 and E-cadherin are crucial to successful pregnancy across all 
mammals.  
 
Key words: domestic cat, desmosomes, adherens junction, plasma membrane 
transformation, implantation, pregnancy  
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Introduction 
Despite significant diversity in the structure and function of the eutherian 
mammalian placenta, this structure arose from a single common ancestor over 130 
million years ago (Nilsson et al. 2010).  All eutherian mammals have a definitive 
chorioallantoic placenta in which the allantois and the chorion fuse to form the 
placenta (Mossman, 1937).  The chorioallantoic membranes in both eutherians and 
marsupials also have varying degrees of invasiveness with the maternal tissues; from 
least invasion in the epitheliochorial placenta to deep invasion of the maternal tissue 
in hemochorial placentation (Mess and Carter, 2007).  
Endotheliochorial placentation is a widely exhibited eutherian placental type in 
which the embryonic tissue invades through the maternal epithelium after 
implantation but does not invade the maternal blood supply (Mess and Carter, 2007; 
Enders and Carter, 2012). This form of placentation is present in species from all 
four major clades of eutherian mammals through convergent evolution (Enders and 
Carter, 2012), as well as in several marsupial taxa (Freyer et al., 2003). 
Endotheliochorial placentation is considered to be a less invasive form of 
placentation, but regardless of the level of invasion of the placenta type, similar 
molecular and ultrastructural changes could be crucial for successful implantation of 
the blastocyst in all of these lineages.  
Blastocyst implantation and establishment of pregnancy in placental vertebrates is 
reliant on intimate communication between maternal and fetal tissue (Murphy, 
2000). The uterine luminal epithelium is the first site of contact between fetal and 
maternal tissues and it must undergo specialized changes for implantation to occur. 
These changes, collectively termed the ‘plasma membrane transformation’ (PMT), 
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occur regardless of the degree of placental invasiveness all placental vertebrates 
studied so far (Murphy, 2004; Biazik et al., 2010). Within some eutherian species 
such as the pig, rat, and rabbit, the pre-implantation period is characterized by the 
loss or reduction of microvilli on the uterine epithelial cells, leaving a smooth, flat 
surface for blastocyst attachment (Murphy, 2000; 2004). Similar changes occur 
within viviparous lizards (Murphy et al., 2000; Murphy and Thompson, 2011) and a 
marsupial, the fat-tailed dunnart, Sminthopsis crassicaudata (Roberts and Breed, 
1994; Laird et al., 2014; Dudley et al., 2015).  
The invasion of the embryonic trophoblast during implantation requires the 
regulation of intercellular junctions and the breaking of cell adhesion molecules 
(Potter et al., 1996; Illingworth et al., 2000; Buck et al., 2012). Changes in the 
expression of some molecules in the uterine epithelium follow similar patterns 
throughout pregnancy among the amniote vertebrates, suggesting that particular 
molecules play an important role in implantation of the trophoblast across species 
(Murphy, 2004; Preston et al., 2004). For example, actin plays an important role in 
the redistribution and attachment of cells for the remodeling of the uterine epithelium 
and formation of a placenta during pregnancy (Terry et al., 1996). The actin 
cytoskeleton attaches to adherens junctions via cadherins, and this mechanism allows 
for cell to cell contact (Wu et al., 2011).  
The desmosomal cadherins are adhesion structures that hold epithelial cells together 
along the lateral plasma membrane (Roberts et al., 2011).  Desmosomes provide 
structural integrity to the uterine epithelium in non-pregnant animals but change 
distribution along the lateral plasma membrane during pregnancy in laboratory rats 
and live-bearing lizards to allow for the breakdown of adhesion between adjacent 
cells at attachment and implantation (Illingworth et al., 2000; Preston et al., 2004; 
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Biazik et al., 2010). The commonality of the re-distribution of desmosomes and 
cadherin across mammalian taxa suggests these molecules are crucial to successful 
trophoblast implantation. 
The gross morphology of the placenta of the domestic cat (Felis catus) is well 
described and classified as endotheliochorial in the zonary girdle (Leiser and Koob, 
1993), thus providing a sound platform for further molecular and ultrastructural 
studies on endotheliochorial placentation. The preimplantation period of pregnancy 
in Felis catus lasts 12.5 days post coitum with definitive placentation zones formed 
by day 15 (Leiser and Koob, 1993). Felid carnivores have a syncytial trophoblast 
with decidual cells and hypertrophied endothelium (Leiser and Koob, 1993; Enders 
and Carter, 2012). In this paper we examine morphological and molecular changes to 
the uterine epithelium during pregnancy in Felis catus and compare these changes to 
those in other mammals to test the hypothesis that uterine receptivity is underpinned 
by similar molecular machinery across species. Specifically, we aim to identify 
changes in desmosomes and epithelial cadherin during the early stages of pregnancy 
in Felis catus for comparison with other mammals with endotheliochorial and other 
types of placentation.    
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Materials and methods 
Tissue Collection 
The reproductive tracts of domestic cats were opportunistically collected during 
2014-2017 during routine veterinary surgery for spaying as requested by the cats’ 
owners. Tissues were collected after surgery with the full consent of the owners. The 
reproductive status of the females was determined through evidence of mating, gross 
morphological examination of the uterus and ovaries as well as the presence of 
blastocysts, embryos or fetuses, where crown rump length was used to determine age 
(Knospe, 2002). This project was approved by the University of Sydney's Animal 
Ethics Committee (AEC536). 
 
Tissue Processing 
The reproductive tracts of the female domestic cats were classified as being from 
females that were not pregnant and in anestrous (N = 11), not pregnant and in estrous 
(N =  3) or in the early (N = 4; post copulation seen by examination of uterus during 
dissection), pre-implantation (N = 4; 8-12 days post copulation; Leiser and Koob 
1993; Roth et al., 1995) and late (N = 4; post implantation with a placenta formed) 
stages of pregnancy when spayed. Uterine tissue was dissected and processed for 
transmission and scanning electron microscopy, immunohistochemistry and western 
blots.  
 
Transmission and Scanning Electron Microscopy  
Pieces of uterus approximately 1 mm3 were fixed in 2.5 % glutaraldehyde in 0.2 M 
phosphate buffer (PBS) pH 7.4 for 1 h. The tissues were rinsed in 0.1 M PBS and 
secondarily fixed in 4 % osmium tetroxide (OsO4) with 0.8% potassium ferrocyanide 
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(K4Fe(CN)6). The sections for TEM were washed in 0.1 M phosphate buffer and 
gradually dehydrated in 20 % increments of ethanol over 2 h then gradually 
infiltrated with EPON or Spurrs resin in increasing increments from 25 % to 100 % 
and left on a rotator overnight in fresh 100 % resin. The tissues were embedded in 
BEEM capsules and polymerised at 60 °C overnight. One or two resin blocks were 
sectioned per animal using a Leica Ultrastat S microtome (Leica, Heerbrugg, 
Switzerland) with glass knives. Sections of approximately 60 to 90 nm thickness 
were mounted onto 200 µm mesh copper grids (ProSci Tech, Queensland, Australia). 
Up to 5 grids were made per resin block. The grids were post stained on drops of 2 % 
uranyl acetate for 10 min and rinsed in warm water. The grids were floated on top of 
drops of Reynold’s lead citrate stain, surrounded by sodium hydroxide pellets 
(NaOH) for 10 min and rinsed in warm water. They were viewed under a JEOL 1400 
transmission electron microscope operating at 120 kV (Tokyo, Japan). Images were 
taken using a Gatan Erlangshen camera (CA, USA). The sections for SEM were 
washed in 0.1 M phosphate buffer and gradually dehydrated in 20 % increments of 
ethanol over 2 h then dried using a Leica EM CPD300 Critical Point Dryer (Leica, 
Wetzlar, Germany) with carbon dioxide as the drying agent. Dried tissue was then 
mounted onto aluminum stubs with a layer of carbon tape and coated with a 15 nm 
layer of gold. Images were captured with a Zeiss Sigma HD VP STEM (Zeiss, 
Oberkochen, Germany). 
 
Desmoglein-2 and E-cadherin immunofluorescence  
The sections of uterine tissue used for immunofluorescence were stored in Tissue-
Tek OCT™ cryoprotectant (Sakura, Tokyo, Japan) in liquid nitrogen (-196 °C). 
Sections of 8 µm thickness were cut at -25 °C using a Leica CM3050 S cryostat 
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(Leica, Keerbrugg, Switzerland) and mounted on slides coated in gelatin. Five slides 
with nine sections on each were made for each animal and stored at -20 °C. Two 
slides were randomly allocated as experimental slides, two as control slides and one 
to be analyzed under light microscopy for general morphology. During initial 
immunofluorescence work, tissues from the laboratory rat, and the fat tailed dunnart, 
were used as a positive control because we know that the desmoglein-2 and E-
cadherin antibodies cross react with uterine tissue from the rat and dunnart (Hyland 
et al., 1998; Preston et al., 2004; Dudley et al., 2015; Dudley et al., 2017).  The 
experimental and control slides were fixed in acetone for 30 min. The slides were 
then blocked in 1% bovine serum albumin [0.1 g BSA diluted with 10 mL phosphate 
buffered saline (PBS)] for 30 min. The desmoglein-2 experimental slides were 
covered in the primary antibody (Rabbit anti-desmoglein 2 antibody (EPR6768); 
Sapphire bioscience, Waterloo, NSW, Australia) at a dilution of 1:500 in 1% bovine 
serum albumin (BSA) for 2 h in a humid chamber. The E-cadherin experimental 
slides were covered in the primary antibody (E-cadherin (4A2) mouse mAb; Cell 
Signalling Technology, Danvers, MA, USA) at a 1:500 dilution in 1% Bovine Serum 
Albumin (BSA) for 2 h in a humid chamber. The desmoglein-2 control slides were 
incubated in a separate humid chamber for 2 h with anti-rabbit primary IgGs (Sigma- 
Aldrich, Castle Hill, Sydney, Australia). The E-cadherin control slides were 
incubated for 2 h with anti-mouse primary IgGs (Sigma- Aldrick, Castle Hill, 
Sydney, Australia). All slides were rinsed in PBS for 15 min. The desmoglein-2 
slides were then incubated for 2 h in secondary antibody (Goat anti-rabbit FITC IgG 
antibody; Jackson Immunoresearch Laboratories, Inc., West Grove, PA, USA) at a 
1:500 dilution in BSA. The E-cadherin slides were incubated for 2 h in secondary 
antibody (Goat anti-mouse FITC) at a 1:500 dilution in BSA. All slides were rinsed 
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in PBS for 15 min and air-dried. A drop of Vectorshield with DAPI (Vector 
Laboratories, Inc., Burlingame, CA, USA) was added to the centre of each slide and 
a coverslip was sealed on with wax. The slides were viewed under a Zeiss 
Deconvolution microscope (Carl Zeiss Pty. Ltd., Australasia) and images taken using 
a Zeiss AxioCam HR digital monochrome CCD camera. The tissues were examined 
for the presence or absence of desmoglein-2 and E-cadherin and the localisation of 
the staining in the uterine tissue.  
 
Western blotting 
Sections of uterine tissue were snap frozen in liquid nitrogen (-196° C) and stored at 
-80 °C to be used for western blotting. Rat uterine tissue from day 1 of pregnancy 
was used as a positive control. The samples were homogenized using homogenizing 
beads in lysis buffer containing protease inhibitor cocktail (1:100 dilution). Aliquots 
of 5 µL were stored at -80 °C. Protein samples were extracted and diluted with 
distilled water at 1:100, 1:200 and 1:400 dilutions. Standards were made out of BSA 
stock solution and 100 µL of each standard and protein dilution were put into a 96 
well plate (Thermo Scientific, USA). A bicinchoninic acid (BCA) protein assay kit 
was made up according to the manufacturer’s instructions (Micro BSA™ Protein 
Assay kit; Thermo Scientific, Rockford, IL, USA) and 100 µL was added to each 
well. The amount of protein in each well was estimated using absorbance readings 
from a POLARstar Galaxy Microplate Reader (BMG LabTech, Durham, NC, USA). 
Protein samples of 10 µg were loaded into a 10% SDS-PAGE gel alongside 5 µg of a 
normal molecular weight ladder (Page Ruler pre-stained Protein Ladder) at 200 V for 
40 min and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore 
Corporation, Bedford, MA, USA) at 100 V for 1.5 h. The membranes were blocked 
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in 5% skim milk (2.5 g skim milk powder to 50 mL Tris-Buffered Saline and Tween 
20 (TBS-t) solution) for 1 h. Membranes were transferred to a primary antibody 
solutions (Rabbit anti-desmoglein-2 antibody; Sapphire Bioscience, Waterloo, NSW, 
Australia and E-cadherin (4A2) Mouse mAb; Cell Signalling Technology, Danvers, 
MA, USA ) in a 1:1000 dilution in 1% skim milk (0.5 g skim milk powder to 50 mL 
TBS-t) to be left on a rocker for 24 h. Membranes were rinsed 3 times for 10 min in 
TBS-t and transferred to a secondary antibody solution (Polyclonal goat anti-rabbit 
IgG HRP linked antibody; Dako, Denmark) in a 1:200 dilution in 1 % skim milk for 
1.5 h. Membranes were rinsed in TBS-t and immediately imaged using a Chemidoc 
MP imaging system (Biorad) using enhanced chemiluminescence (ECL plus Western 
Blotting Detection System; GE Healthcare, Buckinghamshire, UK). To ensure the 
same amount of protein was loaded into each well, the membrane was stripped for β-
actin by incubating the membrane in stripping buffer for 45 min at 60 °C. Each 
membrane was rinsed 2 times for 10 min in TBS-t and then blocked in 5 % skim 
milk for 1 h. They were then incubated in the primary antibody (monoclonal anti-β-
actin antibody produced in mice; Sigma-Aldrick, Castle Hill, Sydney) in a 1:2000 
dilution in 1 % skim milk and left overnight on a rocker. Membranes were rinsed in 
TBS-t three times for 10 min and incubated in the secondary antibody (Sheep anti-
mouse, IgG, GE Healthcare, Buckinghamshire, UK) in a 1:200 dilution in 1 % skim 
milk for 1.5 h. It was rinsed in TBS-t and immediately imaged using the Chemidoc 
MP imaging system. Images were analyzed using Image Lab© software (version 
4.0.1, Bio-rad Laboratories, CA, USA) to determine the band heights. The membrane 
was stripped and reprobed for β-actin as a control for equal protein loading. 
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Morphometric Analysis and Statistics  
The height of the lateral plasma membrane in the uterine epithelium was compared 
between non-pregnant and early stage pregnant animals as this is when the greatest 
change to the maternal epithelium is observed (Dudley et al., 2015). The location of 
desmoglein-2 staining along the plasma membrane (apical, basal or even 
distribution) was noted. A minimum of 4 sections were imaged with a range of 12 to 
20 cells per section used to measure the height of the cells for each animal following 
the design principles set out by Cruz-Orive and Weibel (1990) and Tschanz, 
Schneider and Knudsen (2014). Randomly selected lateral plasma membranes were 
blindly chosen and marked to prevent pseudoreplication from early pregnancy as 
well as non-pregnant animals and measured for height using Adobe Photoshop CS6 
Version 13.0 and calibrated with a Carbon Grating Replica calibration grid 
(ProSciTech, QLD, Australia). Numbers of measurements for height of each cell 
were determined by ensuring that the coefficient of error was P < 0.05 (Gundersen et 
al. 1988; McAllan et al. 1997). The mean height of the cells is presented ± the 
standard error of the mean and an unpaired t-test was performed using GraphPad 
Prism (La Jolla, CA, USA).  
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Results  
Ultrastructure and morphometrics 
Luminal and glandular epithelial cells of early and pre-implantation stage pregnant 
domestic cats are pseudostratified columnar and show similar morphology. Luminal 
epithelium from the pre-implantation stage of pregnancy have nuclei which are 
positioned basally and occupy approximately 50 % of the cell with mitochondria 
abundant throughout the cell. There are secretory vesicles and cellular debris within 
the lumen (Figure 1A). Uterine glands from the pre-implantation stage of pregnancy 
have large, opened lumens. Glandular epithelial cells have large nuclei and short 
microvilli (Figure 1B). Blood vessels are more predominant throughout the uterus 
during the late stage of pregnancy compared to the pre-implantation stages of 
pregnancy. Scarce epithelial cells are present between attachment points within the 
uterus after implantation. During late pregnancy the cells have short microvilli are 
present on a flattened surface (Figure 1C). Luminal and glandular epithelial cells of 
non-pregnant domestic cats in estrous and anestrous are cuboidal and regular in 
shape with nuclei that fill approximately 90 % of the cell (Figure 1D). Uterine 
epithelium from the early stage and pre-implantation stages of pregnancy have 
domed apices with some short microvilli and spherical secretory droplets present on 
the luminal surface (Figure 2A). Immediately preceding implantation, the uterine 
epithelium is flattened on the surface with structured patterns of short microvilli 
(Figure 2B). The surface of epithelium from non-pregnant anestrous females differs 
from estrous with slightly rounded apices and thick, clear borders around the cells 
(Figure 2C). During estrus the uterine surface is folded and covered in microvilli and 
cilia (Figure 2D).  
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Figure 1: Transmission Electron Microscopy (TEM) micrographs of the uterine 
surface and uterine epithelium of non-pregnant and pregnant Felis catus. A: Uterine 
luminal epithelium from the pre-implantation stage of pregnancy has large nuclei 
positioned basally in the cell and short microvilli. There are secretory vesicles (SV) 
and cellular debris present in the lumen (L) and mitochondria are abundant around 
the cell (arrow head). B: Uterine glandular epithelium from the pre-implantation 
stage of pregnancy has large nuclei and short microvilli. C: Uterine luminal 
epithelium from the late stage of pregnancy is elongated with nuclei located towards 
the bottom of the cell. There are microvilli along the surface of the cells. D: Uterine 
glandular epithelium from non-pregnant females is cuboidal with large nuclei that fill 
most of the cell. There are some microvilli along the apical surface of the cell.  
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Figure 2: Scanning Electron Microscopy (SEM) micrographs of the uterine surface 
and uterine epithelium of non-pregnant and pregnant Felis catus. A: The apical 
surfaces of epithelium from females in the early stage of pregnancy are rounded with 
short microvilli present. There are glands present (white asterisks) and secretions on 
the surface of the cells (white arrow heads). B: The surface of epithelium from 
females in the pre-implantation stage of pregnancy is more structured with short 
microvilli present on a flattened surface and clear cell borders (thin arrow). C: The 
surface of epithelium from anestrous females is slightly rounded with thick, clear 
borders around the cells (thin arrow) and glands present (white asterisks). D: The 
surface of epithelium from females in estrous are rounded with some ciliated cells 
(black arrow head) and others with microvilli (black thin arrow) on their apical 
surface. 
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The cells increase in height during early pregnancy in preparation for invasion by the 
trophoblast compared to cells from non-pregnant animals (P<0.0001; F=1.44, t=8.14, 
df=121). The cell heights are 7.16 µm ± 0.19 for non-pregnant animals and 9.84 µm 
± 0.27 during early pregnancy prior to implantation.  
Desmoglein-2 
In early pregnant females desmoglein-2 staining is localized to the apical region of 
the lateral plasma membranes of the glandular and luminal epithelial cells (Figure 
3A). The tissue is very glandular. Desmoglein-2 staining is localized to the apical 
region of the lateral plasma membrane in the early and pre-implantation stages of 
pregnancy (Figure 3B and 3C respectively).  Uterine epithelium from late stage 
pregnant females is scarce and only present between implantation sites with the same 
localization of desmoglein-2 to the apical region of the lateral plasma membrane 
seen in the pre-implantation stages of pregnancy. Desmoglein-2 staining occurs 
along the whole lateral plasma membrane of the epithelial cells in non-pregnant 
females (Figure 3D). Uterine epithelium from Sminthopsis crassicaudata during 
early pregnancy was used as a positive control and show desmoglein-2 staining 
localized to the apical portion of the lateral plasma membrane (Figure 3E). Negative 
control anti-rabbit IgG staining in uterine epithelium from a non-pregnant cat show 
no desmoglein-2 staining (Figure 3F). 
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Figure 3: Immunofluorescence micrographs of desmoglein-2 in uterine epithelial 
cells of non-pregnant and pregnant Felis catus. Nuclei fluorescence is blue, 
desmoglein-2 fluorescence is green, uterine lumen (L), uterine epithelial cells (UEC) 
and scale bars are indicated on individual images. A: A low power image of luminal 
and glandular epithelial cells (arrows; GEC) from females in the very early stage of 
pregnancy. The tissue is very glandular with desmoglein-2 staining localized to the 
apical portion of the lateral plasma membrane.  B: A high power image of luminal 
uterine epithelial cells (UEC) and glandular epithelial cells (arrow head) from 
females in the very early stage of pregnancy (B) and pre-implantation (C). 
Desmoglein-2 staining (green) is localized to the apical region of the lateral plasma 
membrane of the epithelial cells (UEC). The tissue is glandular with the same 
localization of desmoglein-2 staining. D: High power image of uterine epithelial cells 
(white arrows; UEC) from a non-pregnant female with localized staining of 
desmoglein-2 evenly distributed along the lateral plasma membranes. E: Positive 
control image for immunofluorescence micrographs from dunnart uterine epithelium 
(UEC) from early pregnancy. Desmoglein-2 staining is localized to the apical portion 
of the lateral plasma membrane. F: Negative control anti-rabbit IgG staining in 
uterine epithelium (UEC) from a non-pregnant cat. Only blue nuclei staining present. 
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E-cadherin 
E-cadherin staining is localized along the lateral plasma membrane with some 
staining within the cytoplasm of the luminal epithelial cells and glandular epithelial 
cells during early pregnancy (Figure 4A and 4B).  E-cadherin staining becomes 
completely cytoplasmic preceding implantation in the luminal and glandular 
epithelial cells (Figure 4C). Uterine epithelium from late stage pregnant females is 
scarce and only present between implantation sites with the same cytoplasmic 
staining of E-cadherin seen in the pre-implantation stages of pregnancy. E-cadherin 
staining is localized along the lateral plasma membrane of the uterine epithelial cells 
in non-pregnant females with some cytoplasmic staining (Figure 4D).  Uterine 
epithelium from day 1 of pregnancy in the laboratory rat was used as a positive 
control, showing E-cadherin staining is localized to the lateral plasma membrane 
with faint cytoplasmic staining of the uterine epithelium (Figure 4E). Negative 
control anti-mouse IgG staining in uterine epithelium from a non-pregnant cat shows 
only blue nuclei staining (Figure 4F). 
Western blotting 
Western blot of whole uterine tissue from the non-pregnant and early pregnant 
domestic cats shows bands for desmoglein-2 at 180 kDa, 100 kDa and 55 kDa 
(Figure 5A). E-cadherin is produced with a precursor band around 135 kDa, which is 
processed to a mature form around 120 kDa (Lin et al., 2008). Smaller fragments 
around 35 kDa are proteolytic fragments from protein degradation. Β-actin (42 kDa) 
was used as a loading control (Figure 5B).   
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Figure 4: Immunofluorescence micrographs of E-cadherin in uterine epithelial cells 
of non-pregnant and pregnant Felis catus. Nuclei fluorescence is blue, desmoglein-2 
fluorescence is green, uterine lumen (L), uterine epithelial cells (UEC) and scale bars 
are indicated on individual images. A: A low power image of luminal (white arrows; 
UEC) and glandular epithelial cells (arrow head) from females in the very early stage 
of pregnancy. The tissue is very glandular with E-cadherin staining localized to the 
lateral plasma membrane.  B: A high power image of luminal (white arrows; UEC) 
and glandular epithelial cells (arrow head) from females in the very early stage of 
pregnancy which shows the E-cadherin staining is localized to the lateral plasma 
membrane with some cytoplasmic staining throughout luminal and glandular 
epithelial cells.  C:  Cytoplasmic staining with localization of E-cadherin staining to 
the luminal (UEC, white arrows) epithelial cells from females at the pre-implantation 
stage of pregnancy.  D: High power image of uterine epithelial cells (white arrows) 
from a non-pregnant female with localized staining of E-cadherin evenly distributed 
along the lateral plasma membranes. E: Positive control image for 
immunofluorescence micrographs from day 1 of pregnancy in the rat. E-cadherin 
staining is localized to the cytoplasm and plasma membrane of the uterine epithelium 
(white arrow; UEC). F: Negative control anti-mouse IgG staining in uterine 
epithelium (white arrow; UEC) from a non-pregnant cat. Only blue nuclei staining 
present. 
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Figure 5: Western blot of whole uterine tissue from the non-pregnant and early 
pregnant Felis catus. There was 20 µg of protein loaded per well. Rat day 1 of 
pregnancy was loaded as a positive control for both western blots. A: Bands for 
Desmoglein-2 are seen around 180 kDa, 100 kDa and 55 kDa. 1: Rat day 1 2: Non-
pregnant Felis catus 3: Early pregnant Felis catus. B: E-cadherin is produced with a 
precursor band around 135 kDa, which is processed to a mature form around 120 
kDa. Smaller fragments around 35 kDa are proteolytic fragments from protein 
degradation. 1: Rat day 1 2: Non-pregnant Felis catus. 3: Early pregnant Felis catus. 
Β-actin (42 kDa) was used as a loading control (L).  
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Discussion 
A key aspect of the morphological and physiological changes to the uterine 
epithelium in preparation for attachment and invasion of the blastocyst in many 
species is the plasma membrane transformation (Murphy, 2004). Our study confirms 
that a plasma membrane transformation occurs in Felis catus, including the 
redistribution of desmoglein-2 and dissociation of E-cadherin along the lateral 
plasma membrane of glandular and luminal epithelial cells preceding trophoblast 
implantation. The morphology changes to the uterine epithelium occur to both the 
luminal and glandular epithelium with glandular development occurring during early 
pregnancy in Felis catus. Progesterone production during early pregnancy induces 
glandular development and remodeling which has been shown to affect uterine 
receptivity and implantation in mammals (Spencer et al., 1999; Gray et al., 2001). 
 
Desmoglein-2 redistributes to the apical portion of the lateral plasma membrane in 
Felis catus during early stages of pregnancy and is distributed evenly along the 
lateral plasma membrane in non-pregnant animals. This redistribution of desmoglein-
2 suggests that desmosomes are shifting to the apical portion of the lateral plasma 
membrane, which decreases lateral adhesion. The decrease in lateral adhesion allows 
for intrusion of the blastocyst between epithelial cells at implantation and increases 
hemotrophic nutrition by reducing the barriers for the transfer of gases and 
transudates from the blood (Freyer et al., 2003). Embryo-maternal junctional 
complexes are formed with desmosomes during the adhesion of the trophoblast to the 
degenerating epithelium in Felis catus (Leisser and Koob, 1993).  
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Desmosomes are important adhesion molecules that redistribute in the uterine 
epithelium during pregnancy in a variety of taxa including squamates, primates, 
rodents, and marsupials (Illingsworth et al., 2000; Preston et al., 2004; Wang and 
Dey 2006; Bartosch et al., 2011; Dudley et al., 2015). In a eutherian mammal, with 
highly invasive (hemochorial) placentation, the laboratory rat (Illingsworth et al., 
2000; Preston et al., 2004), and in a marsupial with less invasive (endotheliochorial) 
placentation, the fat tailed dunnart, desmosomes reduce in number and redistribute 
along the lateral plasma membrane prior to implantation (Dudley et al., 2015). 
Downregulation and redistribution of desmosomes may facilitate maternal 
trophoblast adhesion during implantation in some species (Dudley et al., 2015). 
Redistribution of desmoglein-2 to the apical portion of the lateral plasma membrane 
at implantation coincides with the detachment of uterine epithelium from the 
underlying basal lamina (Enders and Schlafke, 1967; Kaneko et al., 2008; Laird 
2017a) and may provide structural support to adjacent cells before they are sloughed 
in sheets. Studies of the presence of desmoglein-2 in knockout mice show that it also 
has a crucial function in embryonal stem cell development and early embryonic 
survival at implantation (Eshkind et al., 2002).  
 
In Felis catus, E-cadherin is localized to the plasma membrane of uterine and 
glandular epithelium in non-pregnant females. E-cadherin staining becomes 
cytoplasmic within the epithelium in early stage pregnant females. This dissociation 
of E-cadherin aids in the decrease of lateral adhesion and loss of the adherens 
junction between uterine epithelial cells allowing for invasion of the trophoblast in 
the maternal uterine epithelium during implantation in Felis catus. Similar molecular 
changes occur in Sminthopsis crassicaudata, a marsupial species with 
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endotheliochorial placentation, where breakdown of the adherens junction allows 
invasion of the blastocyst between the epithelial cells (Dudley et al., 2017).  
 
Cadherins are a major superfamily of adhesion molecules that are modified prior to 
invasion of the uterine epithelial layer by the trophoblast (Takeichi, 1995). Epithelial 
cadherin (E-cadherin) is a calcium-dependent cell surface trans-membrane 
glycoprotein that forms cell to cell adhesion molecules in the adherens junction 
(Shapiro and Weis, 2009). The function of E-cadherin depends on the association of 
the intracellular carboxyl terminal and the actin cytoskeleton through a complex of 
linking molecules (Takeichi, 1995; Shapiro and Weis, 2009). The presence of a 
plasma membrane transformation and the cellular ultrastructure and molecular 
redistribution of desmoglein-2 and E-cadherin in Felis catus is unsurprising as these 
changes are ubiquitous across amniote species. For example, in a live-bearing lizard 
with non-invasive epitheliochorial placentation, cadherin proteins decrease in 
expression during gestation in response to the presence of the embryo (Wu et al., 
2011). E-cadherin mRNA decreases in the luminal epithelium at implantation and is 
upregulated in the presence of progesterone in the domestic dog (Canis lupus 
familiaris) (Guo et al., 2010). In the laboratory mouse (Mus musculus) and rat 
(Rattus norvegicus), cadherin expression and distribution is localized to the apical 
surface of the luminal epithelium for luminal closure of the uterus during early 
pregnancy (Hyland et al., 1998; Jha et al., 2006). Closure of the uterine lumen 
facilitates contact between the trophoblast and the maternal epithelium and may be 
involved in blastocyst activation and differentiation (Hedlund et al. 1972; Ljungkvist, 
1972; Thorpe et al. 1973). In species such as the rabbit where uterine closure does 
not occur there is no apical redistribution of cadherin yet there is still a loss of apical-
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basal polarity which facilitates the adhesion of uterine epithelial cells to the 
trophoblast at implantation (Donner et al., 1992; Denker 1993; Thie et al., 1996). 
 
Live bearing reproduction has originated independently in more than 150 vertebrate 
lineages including squamate reptiles, bony fishes (Osteichthyes), cartilaginous fishes 
(Chondrichthyes) and amphibians, but only once in mammals (Turner, 1947; 
Wourms, 1977; Blackburn, 1992; 2014).  Among viviparous species there has been 
convergent evolution of the maternal transfer of nutrients (matrotrophy) with 
multiple independent origins of placentotrophy (Amoroso, 1968; Tyndale-Biscoe and 
Renfree, 1987; Blackburn, 1992; 2014). Mammalian placentation is highly diverse 
with differing levels of invasion, morphology and development of fetal membranes 
(Reviewed in Gundling and Wildman 2016). However, placentation is thought to 
have evolved in eutherian and marsupial mammals from a common ancestor with the 
most invasive hemochorial placentae and the least invasive form (epitheliochorial) 
being the derived state (Wildman et al., 2006; Elliot and Crespi, 2009; Carter and 
Enders, 2013). Endotheliochorial placentation has evolved in both eutherians and 
marsupials (Enders and Carter, 2012) and has common molecular and morphological 
changes to the maternal epithelium preceding implantation (Guo et al., 2010; Dudley 
et al., 2015; Dudley et al., 2017). Interestingly, many of these morphological and 
molecular changes also occur in amniote taxa with hemochorial and epitheliochorial 
placentation (Murphy 2004; Laird et al., 2017b), suggesting that changes to key 
adhesion molecules such as desmoglein-2 and E-cadherin in the lateral plasma 
membrane may be common among all live-bearing amniotes. 
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Our results show that redistribution and dissociation of the adhesion molecules 
desmoglein-2 and E-cadherin in the uterine epithelium occurs during uterine 
receptivity, allowing for successful implantation in Felis catus. The commonalities in 
cellular, molecular and ultrastructural changes across mammals suggest that the 
plasma membrane transformation is a necessary preparatory mechanism for 
implantation in placental amniotes including eutherian and marsupial mammals as 
well as lizards (Murphy et al., 2000; Murphy, 2004). These commonalities across 
animals with differing levels of placental invasion are particularly interesting 
considering that there are many independent origins of placentation across these taxa.   
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Abstract 
The uterine surface undergoes significant remodelling, termed the ‘plasma 
membrane transformation’, during pregnancy to allow for implantation of the 
blastocyst and formation of the placenta in viviparous amniote vertebrates. Unlike 
other species within the superorder Euarchontoglires, which have a hemochorial 
(highly invasive) placenta, kangaroo rats (Dipodomys spp.) exhibit a less invasive 
endotheliochorial placenta. We characterised the changes that occur to membrane 
molecules and the cellular ultrastructure of the uterine epithelium during early 
pregnancy in Merriam’s kangaroo rat, Dipodomys merriami using electron 
microscopy and immunofluorescence microscopy. Epithelial cadherin (E-cadherin) is 
an adhesion protein that forms the adherens junction and is localised to the lateral 
plasma membrane of uterine epithelium during the non-reproductive state but 
localises non-specifically in the uterine epithelium immediately preceding 
implantation. Desmosomes are a type of cadherin that form junctional complexes 
along the lateral plasma membrane of epithelium. Dsg-2, a marker for desmosomes, 
is localised along the lateral plasma membrane in non-pregnant animals but 
redistributes to the apical region of the lateral plasma membrane during early 
pregnancy. The shift in desmosome and cadherin distribution before implantation 
suggests that there is a reduction in lateral adhesion between epithelial cells to allow 
for invasion by the blastocyst. Surprisingly, although Kangaroo rats form a less 
invasive placenta, these same changes occur during pregnancy in species with highly 
invasive placentation, such as the laboratory rat and human. These commonalities 
suggest that it is not through the retention of lateral adhesion that the blastocyst is 
prevented from further invasion in this rodent species.   
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Introduction 
Despite great diversity seen in the placental structure of eutherian mammals, their 
placenta was derived from a single common ancestor (Nilsson et al. 2010). The 
different placental types in amniote vertebrates can be determined by the number of 
maternal cell layers the blastocyst invades during implantation (Mossman, 1987). In 
eutherian mammals all levels of placental invasiveness seen in the amniotes can be 
demonstrated. An endotheliochorial placenta is an intermediate form between the 
highly invasive hemochorial and non-invasive epitheliochorial placental types 
(Mossman, 1987). Less invasive placentation is thought to have evolved from the 
highly invasive hemochorial placenta in mammals (Mess, 2014; Enders and Carter, 
2012). The endotheliochorial placenta occurs in orders from all four major clades of 
eutherian mammals as well as several marsupial clades, suggesting that natural 
selection has favoured the evolution of endotheliochorial placentation independently 
a number of times. 
Kangaroo rats (Dipodomys spp.), a genus of eutherian mammals, do not exhibit the 
typical hemochorial placental type seen in many of those within the superorder 
Euarchontoglires (rodents, rabbits and hares, tree shrews, colugos and primates) 
(Enders and Carter, 2012; Carter and Enders, 2004). Instead they exhibit a less 
invasive endotheliochorial placenta. Other groups within the order of Rodentia that 
exhibit an endotheliochorial placenta are sciurid rodents (Tamias quadrivittatus), 
kangaroo mice (Microdipidops megacephalus), pocket mice (Perognathus parvus) 
and spring hares (Pedetes capensis; Enders and Carter, 2012). In endotheliochorial 
placentation, fetal tissue invades only as far as the underlying stroma of the uterine 
epithelium, which may provide the mother with more control over providing 
nutrients to her offspring, preventing direct contact between the maternal and 
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embryonic blood streams, and limiting blood loss at parturition (Enders and Carter, 
2004).  
During pregnancy in laboratory rats with hemochorial placentation, the uterine 
surface undergoes significant remodeling to allow for successful implantation of the 
blastocyst i.e. the cell mass subsequently forming the embryo (Murphy, 2004). These 
changes, collectively termed the ‘plasma membrane transformation’ (PMT), occur 
regardless of the type of placentation that follows (Murphy, 2004). There are 
similarities in morphological and molecular changes during the PMT among live-
bearing lizards (Murphy and Thompson, 2011), marsupial and eutherian mammals 
(Laird et al., 2014; Dudley et al., 2015; Dudley et al., 2017; Laird et al., 2017a; Laird 
et al., 2017b). These trends suggest that there are common molecules, such as 
cadherins, that play important roles in invasion of the trophoblast across species. 
These molecules have been identified in a few species, but the differences are not 
well understood across the range of mammals.  
Cadherins are calcium-dependent adhesion transmembrane glycoproteins. Proteins 
within this family form cellular junctions through homophilic binding with 
neighbouring cells and the regulation of complexes with other proteins (Shapiro and 
Weis, 2009; Meng and Takeichi, 2009; Wheelock and Johnson, 2003; Takeichi, 
1995). Cadherin plays an important role in the closure of the uterine lumen during 
early pregnancy in the laboratory rat (Hyland et al., 1998). Pan cadherin, a ubiquitous 
probe for cadherin, is localized to the basal membrane of the uterine epithelium when 
the cells are non-receptive, but staining becomes apical at the time of implantation 
when opposing uterine epithelial cells cohere (Hyland et al., 1998). Epithelial 
cadherin is localized to the lateral plasma membrane during the non-pregnant and 
early pregnant state in the fat-tailed dunnart, Sminthopsis crassicaudata, when the 
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uterine epithelium is not receptive to attachment of the blastocyst and tight lateral 
adhesion is needed. In Sminthopsis crassicaudata, E-cadherin disassociates from the 
lateral plasma membrane appearing cytoplasmic within the uterine epithelium at 
receptivity to attachment which occurs towards the end of pregnancy in this 
marsupial species (Dudley et al., 2017). Similarities in changes to the localisation of 
E-cadherin in laboratory rats with hemochorial placentation and dunnarts with 
endotheliochorial placentation suggest that changes to the lateral plasma membrane 
of uterine epithelial cells at receptivity may have evolved convergently between 
eutherian and marsupial mammals with invasive placentation. 
Desmosomal cadherins also show common changes in localisation and expression 
during pregnancy across species (Preston et al., 2004; Biazik et al., 2010; Dudley et 
al., 2015). These junctional proteins provide structure to the cell and enforce strong 
lateral adhesion (Roberts et al., 2011). Studies into the development or presence of 
desmosomes target different transmembrane components of the cytoplasmic plaques 
that form the desmosome, including desmoglein, desmocollin and desmoplakin 
(Holthofer et al., 2007) and have led to the use of desmoglein-2 as a common protein 
marker for desmosomes in uterine epithelium. Desmosomes are spread along the 
lateral plasma membrane, providing structural integrity to the uterine epithelium of 
non-pregnant or non-receptive animals (Preston et al., 2004; Biazik et al., 2010; 
Dudley et al., 2015). The even distribution of desmosomes shifts to the apical portion 
of the lateral plasma membrane during early pregnancy in laboratory rats 
(Illingworth et al. 2000; Preston et al., 2004). Similarly a decrease in the number of 
desmosomes in the marsupial fat-tailed dunnart (Dudley et al., 2015) and live-
bearing lizards (Biazik et al., 2010) contributes to the loss of adhesion between 
adjacent cells during implantation.  
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Kangaroo rats are desert rodents native to the Chihuahuan Desert of the southwestern 
United States and northern Mexico (Alexander and Riddle, 2007). Kangaroo rats 
have several remarkable physiological and behavioural adaptations to survive 
extreme aridity, including extremely efficient kidneys that allow them to conserve 
water (Schmidt-Nielsen and Schmidt-Nielsen, 1952; Marra, Romero and DeWoody, 
2014). Their ability to survive and reproduce in unpredictable environments makes 
them an ideal model for understanding the mechanisms that underpin pregnancy in 
limiting conditions. Currently there is little known about the mechanisms behind the 
formation of the placenta in the kangaroo rat. Heteromyid rodents such as the 
kangaroo rat have a cellular trophoblast with non-hypertrophied endothelium, similar 
to elephants (Enders and Carter, 2012; King and Tibbits, 1969; Nielson, 1940). It is 
important to determine what molecular and ultrastructural changes occur during 
pregnancy in the kangaroo rat to understand whether there are particular changes that 
underpin endotheliochorial placentation compared to the more invasive hemochorial 
placentation of other rodents.  
We expect that the plasma membrane transformation does occur in this rodent 
species with a less invasive placenta than the laboratory rat. The localisation of 
proteins that contribute to adhesion between cells may change due to the need for the 
blastocyst to invade between the cells, but these changes may differ from those in 
laboratory rats because of the divergent evolution of placentation within the 
Rodentia.    
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Materials and methods 
Tissue collection 
Adult D. merriami were collected near Portal, Arizona in June – August 2015 and 
2017. Individuals were trapped with Sherman live traps and females were euthanized 
with approval from the University of Sydney Animal Ethics Committee (2015/833) 
and a scientific collecting license from the State of Arizona Game and Fish 
Department (SP721310 and SP510185).  
Tissue Processing 
The reproductive tracts of the Kangaroo rats were classified as being from females 
that were not pregnant (N=5) or in the early (<7 days post conception; swollen 
uterine horn with unattached blastocysts in lumen; N=6), pre-implantation (7-14 days 
post conception; blastocyst at initial attachment but maternal epithelium still intact; 
N=5) and late (post implantation with embryos present and maternal epithelium lost 
at attachment points; N=4) stages of pregnancy when collected, determined by the 
presence of corpora lutea in the ovaries and the size and development of blastocysts 
and embryos. Uterine tissue was dissected and processed for transmission and 
scanning electron microscopy, immunofluorescence microscopy and western 
blotting.  
 
Transmission and Scanning Electron Microscopy 
Pieces of uterus, approximately 1 mm3, were fixed in 2.5% glutaraldehyde in 0.2 M 
phosphate buffer (PBS) pH7.4 for 1 h. The tissues were rinsed in 0.1 M PBS and 
secondarily fixed in 4% osmium tetroxide (OsO4) with 0.8% potassium ferrocyanide 
(K4Fe(CN)6). They were then washed in 0.1 M phosphate buffer and gradually 
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dehydrated in 20% increments of ethanol over 2 h. The tissues for transmission 
electron microscopy (TEM) were gradually infiltrated with EPON resin in increasing 
increments from 25% to 100% and left on a rotator overnight in fresh 100% resin, 
then embedded in BEEM capsules and polymerised at 60 °C overnight. One or two 
resin blocks were sectioned per animal using a Leica Ultrastat S microtome (Leica, 
Heerbrugg, Switzerland) with glass knives. Sections of approximately 70 nm 
thickness were mounted onto 200 µm mesh copper grids (ProSci Tech, Queensland, 
Australia). Up to 5 grids were made per resin block. The grids were post stained on 
drops of 2% uranyl acetate for 10 min and rinsed in warm water and floated on top of 
drops of Reynold’s lead citrate stain, surrounded by sodium hydroxide pellets 
(NaOH) for 10 min and rinsed in warm water. Grids were viewed under a JEOL 
1400 transmission electron microscope operating at 120 kV (Tokyo, Japan). Images 
were taken using a Gatan Erlangshen camera (CA, USA). A minimum of 4 sections 
were imaged with a range of 12 to 20 cells per section. Uterine tissue for scanning 
electron microscopy (SEM) were dried using a Leica EM CPD300 Critical Point 
Dryer (Leica, Wetzlar, Germany) with carbon dioxide as the drying agent. Dried 
tissue was then mounted onto aluminum stubs with a layer of carbon tape and coated 
with a 15 nm layer of gold. Images were captured with a Zeiss Sigma HD VP STEM 
(Zeiss, Oberkochen, Germany). 
  
Desmoglein-2 and E-cadherin Immunofluorescence and Western Blotting 
Uterine tissue used for immunofluorescence were stored in Tissue-Tek OCT™ 
cryoprotectant (Sakura, Tokyo, Japan) in liquid nitrogen (-196 °C). Sections of 8 µm 
thickness were cut at -25 °C using a Leica CM3050 S cryostat (Leica, Keerbrugg, 
Switzerland) and mounted on slides coated in gelatin. Five slides with nine sections 
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on each were made for each animal and stored at -20 °C. Two slides were randomly 
allocated as experimental slides, two as control slides and one to be analysed under 
light microscopy for general morphology. During initial immunofluorescence work, 
tissues from the laboratory rat were used as a positive control because the 
desmoglein-2 and E-cadherin antibody cross reacts with laboratory rat uterine tissue 
(Hyland et al., 1998; Preston et al., 2004). The experimental and control slides were 
fixed in acetone for 30 min. The slides were then blocked in 1% bovine serum 
albumin in PBS for 30 min. The desmoglein-2 experimental slides were covered in 
the primary antibody (Rabbit anti-desmoglein 2 antibody EPR6768; Sapphire 
bioscience, Waterloo, NSW, Australia) at a dilution of 0.4 µg/mL in 1% Bovine 
Serum Albumin (BSA) for 2 h in a humid chamber. The E-cadherin experimental 
slides were covered in the primary antibody (E-cadherin (4A2) Mouse mAb; Cell 
Signalling Technology, Danvers, MA, USA) at a 1:500 dilution in 1% Bovine Serum 
Albumin (BSA) for 2 h in a humid chamber. The desmoglein-2 control slides were 
incubated in a separate humid chamber for 2 h with anti-rabbit primary IgGs (Sigma- 
Aldrich, Castle Hill, Sydney, Australia). The E-cadherin control slides were 
incubated for 2 h with anti-mouse primary IgGs at the same concentration as primary 
antibodies (Sigma- Aldrick, Castle Hill, Sydney, Australia). All slides were rinsed in 
PBS for 15 min. The desmoglein-2 slides were then incubated for 1 h in secondary 
antibody (Goat anti-rabbit FITC IgG antibody; Jackson Immunoresearch 
Laboratories, Inc., West Grove, PA, USA) at a 0.3 µg/mL dilution in BSA. The E-
cadherin slides were incubated for 1 h in secondary antibody (Goat anti-mouse 
FITC) at a 0.3 µg/mL dilution in BSA. All slides were rinsed in PBS for 15 min and 
air-dried. A drop of Vectorshield with DAPI (Vector Laboratories, Inc., Burlingame, 
CA, USA) was added to the centre of each slide and a coverslip was sealed on with 
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wax. The slides were viewed under a Zeiss Deconvolution microscope (Carl Zeiss 
Pty. Ltd., Australasia) and images taken using a Zeiss AxioCam HR digital 
monochrome CCD camera. The tissues were examined for the presence or absence of 
desmoglein-2 and E-cadherin and the localisation of the staining in the uterine tissue.  
  
Uterine tissues were snap frozen in liquid nitrogen and stored at -80 °C to be used for 
western blotting. Rat uterine tissue from day 1 of pregnancy was used as a positive 
control. The samples were homogenised using homogenising beads in lysis buffer 
containing protease inhibitor cocktail. Aliquots of 5 µL were stored at -80 °C. 
Protein samples were extracted and diluted with distilled water at 1:100, 1:200 and 
1:400 dilutions. Standards were made out of BSA stock solution and 100 µL of each 
standard and protein dilution were put into a 96 well plate (Thermo Scientific, USA). 
Bicinchoninic acid (BCA) protein assay kit was made up according to the 
manufacturer’s instructions (Micro BSA™ Protein Assay kit; Thermo Scientific, 
Rockford, IL, USA) and 100 µL was added to each well. The amount of protein in 
each well was estimated using absorbance readings from a CLARIOstar Galaxy 
Microplate Reader (BMG LabTech, Durham, NC, USA). Protein samples of 20 µg 
were loaded into a 10% SDS-PAGE gel alongside 5 uL of a normal molecular weight 
ladder (Page Ruler pre-stained Protein Ladder) at 200 V for 40 min and transferred to 
a polyvinylidene difluoride (PVDF) membrane (Millipore Corporation, Bedford, 
MA, USA) at 100 V for 1.5 h. The membranes were blocked in 5% skim milk in 
Tris-Buffered Saline 1 % Tween 20 (TBS-t) solution for 1 h. Membranes were 
transferred to a primary antibody solutions (rabbit anti-desmoglein-2 antibody; 
Sapphire Bioscience, Waterloo, NSW, Australia and E-Cadherin (4A2) Mouse mAb; 
Cell Signalling Technology, Danvers, MA, USA ) in a 1:1000 dilution in 1% skim 
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milk (0.5 g skim milk powder to 50 mL TBS-t) to be left on a rocker for 24 h at 4 ºC. 
Membranes were rinsed 3 times for 10 min in TBS-t and transferred to a secondary 
antibody solution (Polyclonal goat anti-rabbit IgG HRP linked antibody; Dako, 
Denmark) in a 7.5 µg/mL dilution in 1% skim milk for 1.5 h. Membranes were 
rinsed in TBS-t and immediately imaged using a Chemidoc MP imaging system 
(Biorad) using enhanced chemiluminescence (ECL plus Western Blotting Detection 
System; GE Healthcare, Buckinghamshire, UK). The membrane was stripped for β-
actin by incubating the membrane in stripping buffer for 45 min at 60 °C. Each 
membrane was rinsed 2 times for 10 min in TBS-t and then blocked in 5% skim milk 
for 1 h. They were then incubated in the primary antibody (monoclonal anti-β-actin 
antibody produced in mice; Sigma-Aldrich, Castle Hill, Sydney) in a 1:2000 dilution 
in 1% skim milk and left overnight on a rocker. Membranes were rinsed in TBS-t 3 
times for 10 min and incubated in the secondary antibody (Sheep anti-mouse, IgG, 
GE Healthcare, Buckinghamshire, UK) in a 1:200 dilution in 1% skim milk for 1.5 h. 
It was rinsed in TBS-t and immediately imaged using the Chemidoc MP imaging 
system. Images were analysed using Image Lab© software (version 4.0.1, Bio-rad 
Laboratories, CA, USA) to determine the band sizes. 
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Results 
Ultrastructure and morphology 
Uterine epithelial cells from non-pregnant females are cuboidal with large nuclei. 
There are short microvilli on the luminal surface of the cell (Figure 1A). During the 
early stage of pregnancy (< 7 days post conception) the epithelium is 
pseudostratified, with nuclei located towards the base of the cell (Figure 1B). They 
have long villi and cellular debris in the lumen. The uterine epithelial cells 
immediately preceding implantation (7-14 days post conception) are elongated with 
some microvilli on the luminal surface (Figure 1C). Some epithelial cells are located 
in non-attachment points between embryos during the late stage of pregnancy (post 
implantation; embryos present at various stages). The cells are short with large nuclei 
and microvilli along a flattened apical surface (Figure 1D).  
Uterine epithelium from non-pregnant females has microvilli along the apical surface 
of the cell. The cells are rounded with structured borders (Figure 2A). The surface of 
uterine epithelium from the early stage of pregnancy is folded with long villi and 
microvilli. There are secretory products on the surface of the cells (Figure 2B). 
Uterine epithelium immediately preceding implantation is rounded with villi present 
on the luminal surface (Figure 2C). Uterine epithelium in the non-attachment points 
of the placenta has rounded apices with microvilli present on their apical surface with 
smooth uterodomes present on the surface of some of the cells (Figure 2D). 
Immunofluorescence 
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Figure 1: Transmission Electron Microscopy (TEM) micrographs of the uterine 
surface and uterine epithelium of non-pregnant and pregnant Dipodomys merriami. 
A: Uterine epithelial cells from non-pregnant females are cuboidal with large nuclei 
filled with dense chromatin masses. They have short microvilli on the luminal (L) 
surface of the cell. B: Uterine epithelium from the early stage of pregnancy is 
pseudostratified with nuclei located towards the base of the cell. They have long villi 
and cellular debris (CD) in the lumen (L). There are mitochondria congregated 
towards the apical region of the cell (M). C: Uterine epithelium immediately 
preceding implantation is elongated with some microvilli on the luminal surface. 
There are large inclusions such as lipid droplets and vacuoles throughout the apical 
region of the cells. D: Uterine epithelium from the late stage of pregnancy is located 
in non-attachment points between embryos. The cells are short with large nuclei and 
microvilli along a flattened apical surface.  
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Figure 2: Scanning Electron Microscopy (SEM) micrographs of the uterine surface 
of non-pregnant and pregnant Dipodomys merriami. A: Uterine epithelium from non-
pregnant females has short truncated microvilli along the apical surface of the cell. 
The cells are rounded with structured borders. B: The surface of uterine epithelium 
from the early stage of pregnancy is folded with long villi and microvilli. There are 
secretory products on the surface of some cells. C: Uterine epithelium immediately 
preceding implantation is rounded with villi present on the luminal surface. D: 
Uterine epithelium in the non-attachment points of the placenta has rounded apices 
with short, fine villi present on their surface. There are uterodomes present above the 
level of the microvilli of some cells (white asterisk).  
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Desmoglein-2 
Desmoglein-2 staining is localized to the cuboidal uterine epithelium in Kangaroo 
rats. There is punctate Dsg-2 staining evenly along the lateral plasma membrane in 
non-pregnant females (Figure 3A). The staining predominantly occurs in the apical 
portion of the lateral plasma membrane with some basal staining at early pregnancy 
(Figure 3B). Preceding implantation Dsg-2 staining is localised to the apical portion 
of the lateral plasma membrane (Figure 3C) and remains apical into late pregnancy 
(Figure 3D). Positive control staining of Dsg-2 in the laboratory rat at day 1 of 
pregnancy shows localisation of staining to the uterine epithelium (Figure 3E). No 
staining is present in non-immune controls (Figure 3F). 
E-cadherin 
E-cadherin (E-cad) staining is localized to the lateral plasma membrane of the uterine 
epithelium in non-pregnant females. E-cad staining is cytoplasmic in non-pregnant 
females with some localisation to the lateral plasma membrane (Figure 4A). E-cad 
staining becomes predominantly cytoplasmic during early pregnancy and preceding 
implantation (Figure 4B and C). At implantation E-cad staining occurs throughout 
the tissue including the fetal membranes (Figure 4D). Positive control staining of E-
cad in the laboratory rat at day 1 of pregnancy is localised to the uterine epithelium 
(Figure 4E). No staining is present in non-immune controls (Figure 4F).  
Western blotting 
Western blot of whole uterine tissue from the non-pregnant, early pregnant and late 
D. merriami shows bands for Desmoglein-2 at 180 kDa, 100 kDa and 17 kDa (Figure 
5A). E-cadherin is produced with a precursor band around 130 kDa, which is 
processed to a mature form around 120 kDa (Lin et al., 2008; Takeichi, 1988). In D. 
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merriami fragments are present at 95 kDa with smaller fragments around 35 kDa 
which are proteolytic fragments from protein degradation. Β-actin (42 kDa) was used 
as a loading control (Figure 5B).   
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Figure 3: Immunofluorescence micrographs of the desmoglein-2 (Dsg-2) in uterine 
epithelial cells of non-pregnant and pregnant Dipodomys merriami. Nuclei 
fluorescence is blue, desmoglein-2 fluorescence is green, uterine lumen (L), uterine 
epithelial cells (UEC) and scale bars are indicated on individual images. A: Uterine 
epithelium from non-pregnant females has localised Dsg-2 staining evenly along the 
lateral plasma membrane. B: Uterine epithelium from early pregnancy has punctate 
Dsg-2 staining localised to the apical portion of the lateral plasma membrane with 
some punctate staining towards that basal membrane. C: Uterine epithelium 
immediately preceding implantation has Dsg-2 staining localised to the apical 
portion of the lateral plasma membrane. D: Uterine epithelium from non-attachment 
points during the late stage of pregnancy has faint dsg-2 staining at the apical portion 
of the lateral plasma membrane. E: Positive control image of Dsg-2 staining in the 
laboratory rat at day 1 of pregnancy. F: Negative control image from the early stage 
of pregnancy shows only DAPI nuclei staining.  
 
 
 
163 
 
 
 
 
 
Figure 4: Immunofluorescence micrographs of E-cadherin in uterine epithelial cells 
of non-pregnant and pregnant Dipodomys merriami. Nuclei fluorescence is blue, 
desmoglein-2 fluorescence is green, uterine lumen (L), uterine epithelial cells (UEC) 
and scale bars are indicated on individual images. A: Uterine epithelium from non-
pregnant females has E-cadherin staining localised predominantly to the lateral 
plasma membrane with some faint cytoplasmic and basal staining. B: Uterine 
epithelium from the early stage of pregnancy has some punctate E-cadherin staining 
at the apical portion of the lateral plasma membrane as well as cytoplasmic staining 
throughout the cell. C: Uterine epithelium preceding implantation has only 
cytoplasmic E-cadherin staining localised to the epithelium. D: Uterine epithelium 
and fetal membranes between attachment points with cytoplasmic E-cadherin 
staining throughout the epithelium, underlying stroma and fetal membranes. E: 
Positive control image of E-cadherin staining in the Laboratory rat at day 1 of 
pregnancy. F: Negative control image from Laboratory rat day 1 of pregnancy shows 
only DAPI nuclei staining. 
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Figure 5: Western blot of whole uterine tissue from non-pregnant, early and late 
pregnant D. merriami. There was 20 µg of protein loaded per well. Rat day 1 of 
pregnancy was loaded as a positive control for both western blots. A: Bands for 
Desmoglein-2 are seen around 180 kDa, 100 kDa and 17 kDa. 1: Molecular weight 
ladder 2: Non-pregnant 3: Early pregnant 4: Pre-implantation 5: Late pregnant 6: Rat 
day 1 pregnant. B: A trimer is formed for E-cadherin with bands around 130 kDa, 95 
kDa and 34 kDa. 1: Molecular weight ladder 2. Non-pregnant 3: Early pregnant 4: 
Pre-implantation 5: Late pregnant 6: Rat day 1 pregnant. Β-actin (42 kDa) was used 
as a loading control.  
 
  
165 
 
Discussion 
This study shows that the uterine epithelial cells of D. merriami undergo remodelling 
to become receptive to blastocyst implantation during early pregnancy. These 
changes include height and shape of microvilli, changes to the cytoskeleton, and 
distribution of cytoskeletal and plasma membrane molecules similar to those seen in 
the laboratory rat (Murphy, 1993; Murphy, 2000a). Uterodomes are present in 
uterine epithelium from D. merriami in the late stages of pregnancy, similar to 
rabbits, cows and humans when progesterone is high (Murphy, 2000b). Uterodomes 
are indicators of uterine development, appearing morphologically as dome structures 
with a smooth surface that project above the level of microvilli of uterine epithelial 
cells (Murphy, 2000b). An important part of the plasma membrane transformation is 
the deepening of the tight junction and a change in the junctional network at the 
apical region of the lateral plasma membrane (Murphy, 2000a). These junctional 
complexes contribute to the development of apical-basal polarity (Coopman and 
Djiane, 2016; Denker, 1993) and regulate the paracellular pathway (Orchard and 
Murphy, 2002).  
In D. merriami, E-cadherin staining is localized to the lateral plasma membrane of 
the uterine epithelium in non-pregnant females but redistributes to be predominantly 
cytoplasmic during early pregnancy and preceding implantation. At implantation, 
non-specific E-cadherin staining occurs throughout the tissue, including the fetal 
membranes. This redistribution of staining suggests that there is a breakdown of the 
adherens junction at receptivity, which would promote blastocyst attachment and 
invasion between maternal epithelial cells. The presence of cadherin in the 
endometrium throughout pregnancy has been studied in several viviparous amniote 
species. In the canine uterus, E-cadherin mRNA is expressed in luminal epithelium, 
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glandular epithelium and stromal cells (Guo et al. 2010) and E-cadherin is necessary 
for successful embryonic implantation in the mouse (M. musculus; Liu et al., 2006).  
In human endometrium and laboratory mice, progesterone induces higher E-cadherin 
mRNA expression (Fujmoto et al. 1996; Jha et al. 2006), whereas estradiol reduces 
its expression (Fujimoto et al. 1998) and negatively modulates cadherin expression 
when co-administered with progesterone in the mouse (Jha et al. 2006). Similar 
hormonal changes could be regulating the shift in E-cad staining in D. merriami as 
both progesterone and estradiol are present at receptivity in rodents (Psychoyos, 
1967). Cadherins are also reduced in the uterine epithelium at the time of receptivity 
in two species of skink with non-invasive placentation, but not in uteri from the same 
mother with no embryos, suggesting that the changes to cadherin may be controlled 
by both maternal hormones as well as the presence of the blastocyst (Wu et al., 
2011). The commonality in presence and regulation of cadherin among viviparous 
animals during pregnancy suggest that this adhesion protein plays an important role 
in uterine receptivity.  
Cadherins are associated with catenins which are upregulated in the apical membrane 
of epithelial cells during implantation, contributing to the adhesive phenotype of the 
uterine epithelium in contrast to the invasive phenotype of the trophoblast (Jha et al. 
2006).  β-catenins are adherens junction adhesion proteins that can accumulate in the 
nucleus for regulating target gene transcription but when stabilised by Smad7 forms 
a complex with E-cadherin controlling cell-cell adhesion (Tang et al., 2008). It may 
be through dysregulation of this complex and loss of apical-basal polarity that 
contribute to the E-cadherin staining dissociating from the lateral plasma membrane 
and becoming cytoplasmic in the uterine epithelium at implantation in D. merriami. 
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Desmosomes, the adherens junction and the terminal web are all lost by the time of 
implantation in the R. norvegicus (Murphy, 2000a; Orchard and Murphy 2002; 
Illingworth et al., 2000). It has been proposed that deepening of the tight junctions 
provides adhesion and barrier properties, as well as decreasing paracellular 
permeability of the uterine epithelium during implantation (Orchard and Murphy 
2002). The loss of localised E-cadherin staining to the lateral plasma membrane at 
the time of receptivity in D. merriami indicates that there is a breakdown of the 
adherens junction in this species and presumably a loss of lateral adhesion. A loss of 
lateral adhesion would weaken the barrier to invasion that the epithelium provides 
outside the time of receptivity. Loss of desmosomal adhesion can disrupt tissue 
integrity and dysregulate intracellular signal transduction pathways (Garrod and 
Chidgey 2008). The desmoglein-2 isoform plays a role in embryonic stem cell 
proliferation (Eshkind et al., 2002) and deficiencies in other isoforms such as 
desmoplakin prevent cell adhesion and elongation (Gallicano et al. 1998). 
The change in expression of desmoglein-2 in uterine epithelium of D. merriami 
suggests that lateral adhesion between epithelial cells decreases at implantation and 
such, a decrease in the mechanical adhesion between cells may make the cells more 
susceptible to deformation and remodelling (Biazik et al., 2010). These same 
desmosomal changes occur at the time of implantation in laboratory rats, mice and 
rabbits, which all have invasive hemochorial placentation (Classen-Linke and 
Denker, 1990; Illingworth et al., 2000: Preston et al., 2004). Similar changes occur in 
a live-bearing lizard species with non-invasive epithelichorial placentation (P. 
entrecasteauxii; Biazik et al., 2010) as well as marsupial species with 
endotheliochorial placentation (S. crassicaudatata) and epitheliochorial placentation 
(M. eugenii and T. vulpecula) (Dudley et al., 2015; Laird et al., 2017b). Relocation of 
168 
 
desmosomes and desmoglein-2 staining during implantation seem to be universal 
among species, regardless of placentation mode and independent origins of viviparity 
among mammal and reptile taxa (Illingworth et al., 2000; Preston et al., 2004; Biazik 
et al., 2010; Murphy and Thompson, 2011; Dudley et al., 2015). The desmosomal 
changes may strengthen the apical region of the tissue in all species studied to date, 
with a shift in desmosomes away from the basal portion of the lateral plasma 
membrane. We propose that the loss of basal adhesion allows for invasion of the 
epithelium at implantation sites in species with endotheliochorial and hemochorial 
implantation. 
The hemochorial placenta allows the developing fetus direct access to maternal blood 
for gas exchange and nutrients (Enders and Carter, 2004). However, there are 
disadvantages to having an invasive hemochorial placenta such as increased 
oxidative stress, the risk of the passage of cells between the fetus and the mother and 
possible excessive bleeding at birth (Enders and Carter, 2004). The epitheliochorial 
placenta is believed to be the derived placental state in mammals, having evolved at 
least 3 times through convergent evolution, possibly due to its increased efficiency of 
nutritional transfer with an increased rate of transfer of nutrients per unit of surface 
and supplementation with histotrophic nutrition (Vogel, 2005; Elliot and Crespi, 
2009). Having an endotheliochorial placenta also mediates the risk of fetal cells 
entering the maternal blood stream due to the presence of maternal endothelium 
(Enders and Carter, 2004). The occurrence of endotheliochorial placentae throughout 
eutherian and marsupial orders suggests that natural selection has favoured the 
evolution of endotheliochorial placentation independently a number of times. 
This study shows that a plasma membrane transformation occurs in D. merriami with 
similar ultrastructural changes to the uterine epithelium at receptivity and 
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implantation to other mammals. We have shown that changes to the adhesion 
proteins desmoglein-2 and E-cadherin occur within this species of kangaroo rat to 
contribute to a reduction in lateral adhesion at implantation. The differences in 
placental type within the Rodentia illustrate the importance of comparative studies of 
the mammalian placenta to aid our understanding of placental function and 
evolution. The divergent evolution of placentation within the family Heteromyidae 
provides an opportunity to study placental evolution among taxa. Cladistic analysis 
on placentation within the Rodentia shows that the stem placental type is 
hemochorial, which changed secondarily to the less invasive endotheliochorial type 
(Mess, 2003; Carter and Enders, 2004). We have shown that similar molecular 
changes occur to reduce lateral adhesion of epithelial cells in D. merriami and the 
laboratory rat. These commonalities suggest that it is not through the retention of 
lateral adhesion that the blastocyst is prevented further invasion in this rodent 
species. We propose that changes to basal adhesion may differ between these taxa 
with differing levels of placental invasion.   
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Remodelling of uterine epithelial cells is necessary to create a receptive environment for 
attachment and implantation of the blastocyst (Murphy et al., 2000; Murphy, 2004). Many of 
these changes are essential for the evolution of viviparity in therians, including complex 
modifications to the lateral plasma membrane and ultrastructure of the cell. There are 
similarities in morphological changes to the uterine epithelium preceding implantation and 
the formation of a placenta in all therians studied to date (Table 1).  
7.1 Morphological changes during pregnancy 
Preceding implantation, the uterine luminal and glandular epithelium becomes 
pseudostratified with an increase in cell height in some species (reviewed in Spencer, 2014; 
Dudley et al., 2015 chapter 2). In therian species studied, there is an abundance of 
mitochondria and endoplasmic reticulum above basally located nuclei in the uterine epithelial 
cells during oestrous and pregnancy (Nilsson, 1958; Larsen, 1962; Niklaus et al., 2001; 
Dudley et al., 2015 chapter 2; Dudley et al., 2018a chapter 5). The mitochondrial bodies may 
be associated with the upregulation of solute carrier proteins in the uterus during pregnancy 
which may be controlled by the presence of oestrogens (Larsen, 1962; Enders and Schlafke, 
1971; Jang et al., 2017). The morphological changes are under hormonal control and occur 
regardless of the placental type that subsequently forms. 
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Taxonomy: 
Order  
Family  
Representative 
Species 
Placental 
Invasiveness 
Morphological features 
of uterine epithelium 
Features of the 
Lateral Plasma 
Membrane (LPM) 
Features of the 
apical surface of the 
Uterine Epithelial 
Cells (UEC) 
Citations 
Marsupial species 
Didelphimorphia: 
Didelphidae e.g. 
Monodelphis 
domestica and 
Philander 
opossum 
Endotheliochorial 
• Cells are 
pseudostratified 
columnar  
• Invasion of the uterine 
epithelium occurs on 
the trilaminar yolk sac 
side 
• Cells have a smooth 
and thin basal lamina 
• Numerous fibroblasts 
in the underlying 
stroma 
• Desmosomes 
present 
• Microvilli and 
cilia are present  
• Rounded apical 
surface which is 
folded 
• Highly secretory 
Enders and Enders, 
1969; Harder et al., 
1993; Zeller and 
Freyer, 2001; 
Freyer et al., 2002 
Didelphimorphia: 
Didelphidae e.g. 
Didelphis 
virginiana 
Endotheliochorial 
* 
• Cells are simple 
columnar 
• Increased density of 
secretory glandular 
epithelium 
• Possibly no invasion of 
the uterine epithelium 
occurs 
• Unknown 
• Microvilli and 
cilia are present 
on the cell surface 
which is folded 
Padykula and Taylor, 
1975; Fleming and 
Harder, 1981; Kraus 
and Cutts, 1985 
180 
 
Taxonomy: 
Order  
Family  
Representative 
Species 
Placental 
Invasiveness 
Morphological features 
of uterine epithelium 
Features of the 
Lateral Plasma 
Membrane (LPM) 
Features of the 
apical surface of the 
Uterine Epithelial 
Cells (UEC) 
Citations 
Dasyuromorphia: 
Dasyuridae e.g. 
Sminthopsis 
crassicaudata 
Endotheliochorial 
• Cells are 
pseudostratified 
• They increase in height  
• Invasion of uterine 
epithelium on the 
bilaminar yolk sac side 
• Recruitment of basal 
anchoring molecules 
(e.g. talin, paxillin), 
which reinforce basal 
attachment 
• Reduction in 
number and 
redistribution of 
desmosomes to 
apical LPM  
• Breakdown of the 
adherens junction  
• Increase in tight 
junction depth 
• Loss of regular 
microvilli 
Hughes, 1974; Roberts 
and Breed, 1994; Laird 
et al., 2014; Dudley et 
al., 2015 (Chapter 2); 
Dudley et al., 2017 
(Chapter 3); Laird et 
al., 2017b 
Dasyuromorphia: 
Dasyuridae e.g. 
Dasyurus 
viverrinus 
Epitheliochorial * 
• Trophoblast fuses with 
the uterine epithelium 
to form a feto-maternal 
syncytium 
• Possible invasion of 
uterine epithelium on 
the bilaminar yolk sac 
side 
• Unknown • Unknown 
Hill, 1900; Sharman, 
1961; Freyer et al., 
2003 
Peramelemorphia: 
Peramelidae e.g. 
Perameles nasuta 
Endotheliochorial* 
• The trophoblast fuses 
with the uterine 
epithelium to form a 
feto-maternal 
syncytium 
• Unknown 
• Microvilli are 
present 
Hughes, 1974; 
Padykula and Taylor, 
1976; 1982 
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Taxonomy: 
Order  
Family  
Representative 
Species 
Placental 
Invasiveness 
Morphological features 
of uterine epithelium 
Features of the 
Lateral Plasma 
Membrane (LPM) 
Features of the 
apical surface of the 
Uterine Epithelial 
Cells (UEC) 
Citations 
Diprotodontia: 
Macropodidae 
e.g. Macropus 
eugenii 
Epitheliochorial 
• Cells change from 
columnar to an 
‘enlarged, undulating 
epithelium’  
• Abundant endoplasmic 
reticulum and 
mitochondria  
• Cells have a tortuous 
basal lamina  
• Recruitment of basal 
anchoring molecules 
(e.g. talin) 
• Apical junction 
complexes are 
present 
• Relocation of cell-
cell adhesion 
molecules (e.g. 
Dsg-2) to 
mesenchymal 
stromal cells 
• The cells have a 
rounded surface 
which is unfolded  
• Some microvilli 
present 
Tyndale-Biscoe, 1973; 
Tyndale-Biscoe and 
Renfree, 1987; Freyer 
et al., 2002; Laird et al., 
2017a; 2018 
Diprotodontia: 
Phalangeridae 
e.g. Trichosurus 
vulpecula 
Epitheliochorial 
• Abundant vacuoles are 
present 
• Increase in underlying 
vasculature 
• Recruitment of basal 
anchoring molecules 
(e.g. talin) 
• Relocation of cell-
cell adhesion 
molecules (e.g. 
Dsg-2) to the 
nuclei 
• Cilia and dense 
microvilli on the 
surface 
• Blebbing, domed 
cells 
Sharman, 1961; 
Hughes, 1974; Laird et 
al., 2017a 
Eutherian species 
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Taxonomy: 
Order  
Family  
Representative 
Species 
Placental 
Invasiveness 
Morphological features 
of uterine epithelium 
Features of the 
Lateral Plasma 
Membrane (LPM) 
Features of the 
apical surface of the 
Uterine Epithelial 
Cells (UEC) 
Citations 
Primates: 
(Suborder 
Strepsirrhini) e.g. 
Otolemur 
crassicaudata and 
Lepilemur 
ruficaudatus 
Epitheliochorial 
• Cells are short 
columnar 
• Uterine epithelium is 
folded 
• The uterine epithelium 
is glandular 
• Maternal blood vessels 
close to the base of the 
uterine epithelium 
• Scattered vacuoles 
• Goblet gland cells 
present 
• No decidualisation 
• Unknown • Microvilli present 
Jenkinson, 1916; King, 
1984; 1993 
Primates 
(Suborder: 
Haplorhini) e.g. 
Homo sapiens, 
Macaca mulatta 
and Callithrix 
jacchus 
Haemochorial 
• Cells are 
pseudostratified 
• Increase in thickness 
of the basal lamina  
• Reduction in the 
surface negativity and 
glycocalyx 
• Desmosomes 
reduce in number  
• Tight junctions 
are altered 
• Loss of microvilli 
• Flattened luminal 
membrane  
• Uterodomes are 
present on the 
luminal surface 
Enders et al., 1983; 
Dockery et al., 1998; 
Sarani et al., 1999; 
Aplin, 1996; Niklaus et 
al., 2001; Adams et al., 
2002  
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Taxonomy: 
Order  
Family  
Representative 
Species 
Placental 
Invasiveness 
Morphological features 
of uterine epithelium 
Features of the 
Lateral Plasma 
Membrane (LPM) 
Features of the 
apical surface of the 
Uterine Epithelial 
Cells (UEC) 
Citations 
Rodentia: 
Muridae e.g. 
Rattus norvegicus 
and Mus 
musculus 
Haemochorial 
• Tortuous thick basal 
lamina 
• Loss of basal 
attachment 
• Loss of terminal web 
• Increase in tight 
junction depth 
• Reduction in 
desmosomes  
• Loss of the 
adherens junction 
• Loss of regular 
microvilli  
• Formation of a 
flattened surface  
• Uterodomes 
present above 
some epithelial 
cells 
Smith and Wilson, 
1974; Blankenship and 
Given, 1992; Luxford 
and Murphy, 1992; 
Hyland et al., 1998; 
Murphy, 2000a; 2000b; 
Illingworth et al., 2000; 
Orchard and Murphy, 
2002; reviewed in 
Murphy, 2004; Preston 
et al., 2004 
Rodentia: 
Heteromyidae  
e.g. Dipodomys 
merriami 
Endotheliochorial 
• Cells are 
pseudostratified  
• Thin basal lamina 
• Basally located nuclei  
• Abundant 
mitochondria 
• Re-localisation of 
desmosomes to 
the apical LPM  
• breakdown of the 
adherens junction 
• Short microvilli  
• Uterodomes 
present on the 
luminal surface of 
some epithelial 
cells 
King and Tibbits, 1969; 
Dudley et al., 2018b 
(Chapter 6) 
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Order  
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Representative 
Species 
Placental 
Invasiveness 
Morphological features 
of uterine epithelium 
Features of the 
Lateral Plasma 
Membrane (LPM) 
Features of the 
apical surface of the 
Uterine Epithelial 
Cells (UEC) 
Citations 
 
Lagomorpha: 
Leporidae e.g. 
Oryctolagus 
cuniculus 
 
Haemochorial 
• Cells are columnar 
• Multinucleated cells 
fuse with binucleate 
trophoblast cells to 
form a ‘symplasma’ 
which becomes a 
syncytium 
• Irregular basal cell 
membrane 
• Basally located nuclei 
• Golgi apparatus, small 
granules and 
mitochondria are 
present in the luminal 
cytoplasm 
• Increase in tight 
junction depth 
• Desmosomes 
present 
• Some irregular 
cell membranes 
• Loss of the 
adherens junction 
• Short microvilli 
with a thin 
glycocalyx 
• Ciliated cells are 
present 
Larsen, 1962; Enders 
and Schlafke, 1971; 
Winterhager and 
Kuhnel, 1982; Olson et 
al., 1998 
Eulipotyphla: 
Erinaceidae e.g. 
Atelerix 
albiventris 
Haemochorial 
• ‘Tall’ epithelial cells  
• Abundant 
mitochondria  
• Smooth endoplasmic 
reticulum 
• Unknown 
• Secretory granules 
are located 
apically within 
cells  
• Apical microvilli 
present on the 
luminal surface 
Ferner et al., 2014 
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Taxonomy: 
Order  
Family  
Representative 
Species 
Placental 
Invasiveness 
Morphological features 
of uterine epithelium 
Features of the 
Lateral Plasma 
Membrane (LPM) 
Features of the 
apical surface of the 
Uterine Epithelial 
Cells (UEC) 
Citations 
Carnivora: 
Felidae and 
Canidae 
e.g. Felis catus 
and Canis lupus 
Endotheliochorial 
• Cells are 
pseudostratified  
• Basally located nuclei  
• Abundant 
mitochondria 
 
• Re-localisation of 
desmosomes to 
the apical portion 
of the LPM  
• Loss of the 
adherens junction 
• Short microvilli  
• Uterodomes 
present on the 
surface of some 
cells 
Leiser and Koob, 1993; 
Payan-Carreira et al., 
2016; Dudley et al., 
2018a (Chapter 5) 
Cetartiodactyla: 
Camelidae Suidae 
Bovidae 
 e.g. Camelus 
dromedarius, Sus 
scrofa and Ovis 
aries 
Epitheliochorial 
• Syncytium formed  
• Cells have a tortuous 
basal plasma 
membrane 
• Increase in tight 
junction depth  
• Decrease in tight 
junction protein 
expression 
• Loss of microvilli  
• Flattened luminal 
surface 
Dantzer, 1985; Johnson 
et al., 1988; Whyte and 
Binns 1994; Skidmore 
et al., 1996; Abd-
Elnaeim et al., 1999; 
Satterfield et al., 2007 
 
Table 2: A summary of the changes that occur to the uterine epithelial cells lining the uterus preceding the development of the placenta in eutherian 
and marsupial pregnancy. The level of invasiveness of the subsequent placenta is based on the number of cell layers that separate the developing 
fetus and maternal blood stream (Grosser, 1927). Lateral plasma membrane (LPM).  
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In laboratory rats, the morphological changes to the uterine epithelium occur 
throughout the entire uterus with little difference between attachment or non-
attachment sites (Murphy, 1995). In contrast, epithelial cells undergo a localised 
change at the point where the blastocyst is in contact with the uterine epithelium with 
an upregulation of transmembrane proteins at implantation sites during early 
pregnancy in the rabbit and the mouse (Larsen, 1962; Olson et al., 1998; Kim et al., 
2006). At attachment points in the rabbit, changes in expression of progesterone 
receptors and the presence of the blastocyst stimulates the epithelium to form a 
‘symplasma’, which develops into a syncytium at implantation (uterine epithelial 
cells fuse with binucleate trophoblast cells; Larsen, 1962; Enders and Schlafke, 
1971). Histiotrophic nutrition via the visceral yolk sac provides crucial nutrients to 
the developing embryo before development of the chorioallantoic placenta in both 
the rabbit and the laboratory rat (Marshall et al., 2015). 
In squamate reptiles, the uterine epithelium undergoes different structural changes 
depending on which embryonic component of the placenta they appose (Weekes, 
1935; Table 2). The different placental categories in squamates include 
choriovitelline placenta, omphaloplacenta, omphalallantoic placenta and 
chorioallantoic placenta (Stewart and Blackburn, 1988). A combination of these 
placental categories can be present within one species with some forming as a 
transitory feature of placental development (reviewed in Lombardi, 1998). The 
ultrastructural changes in therians differ from those in viviparous squamates with the 
uterine epithelial cells becoming cuboidal or columnar at the regions directly 
apposing the placenta in species of Eulamprus and Niveoscincus (Hosie et al., 2003; 
Adams et al., 2007a; Wu et al., 2015). The stretching of the oviduct due to the 
presence of the embryo reduces the diffusion distance between the blood vessels and 
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the developing embryo for the exchange of gases (Blackburn et al. 2002; Adams et 
al., 2007a; Wu et al., 2015; Blackburn et al., 2017).  
Type of 
placenta 
Description of uterine epithelium and chorioallantois 
Type I Close apposition of vascularised chorioallantois and uterine 
epithelium. The uterine epithelium is monolaminar, squamous and 
thin (Weekes, 1935) 
Type II Uterine vessels on raised folds of uterine epithelium; chorionic 
ectoderm thickened (Weekes, 1935) 
Type III Uterine epithelium are cuboidal and form above vascularized folds; 
chorionic ectoderm thickened (Weekes, 1935) with interdigitation 
of maternal and fetal membranes (Blackburn, 1993) 
Type IV Uterine epithelium is folded with cuboidal/columnar epithelial cells 
that have villi on the surface and protrude into an invagination of 
the chorioallantois (Blackburn, 1993; Ramírez-Pinilla et al., 2006) 
 
Table 2: the classifications of squamate reptile allantoplacentae including 
generalised changes to the uterine epithelium (Reviewed in Blackburn, 1993 and 
Stewart and Thompson, 1998). 
In therian species with non-invasive and invasive placentae, there are widespread 
changes to the apical surface of uterine epithelial cells preceding attachment. In 
eutherians there is complete loss or reduction of microvilli on the surface of the 
epithelial cells (reviewed in Murphy, 2004; Dudley et al., 2018a chapter 5; 2018b 
chapter 6). Uterodomes are present on some of these cells in many species, including 
Rattus norvegicus (Murphy, 2000a), Dipodomys merriami (Dudley et al., 2018b 
chapter 6) and Felis catus (Dudley et al., 2018a chapter 5). In therians, ciliated cells 
are stimulated by the presence of oestrogens (More and Masterton, 1976; Chapter 4), 
which reduce at the time of receptivity (Orchard and Murphy, 2002; Murphy, 2004; 
Chapter 4). In marsupials, most species have a flattened surface with short, sparse 
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microvilli on the surface of epithelial cells preceding attachment but a few species, 
such as Trichosurus vulpecula, Monodelphis domestica and Didelphis virginiana, 
have cilia present (Kraus and Cutts, 1985; Laird et al., 2014; Griffith et al., 2017a; 
Laird et al., 2017a). In viviparous squamates, there are differences in the apical 
surface of the epithelium depending on which part of the embryonic membranes they 
appose (Flemming and Branch, 2001; Adams et al., 2005; Biazik et al., 2010; 
Anderson et al., 2011). However, most species have a flattened cell surface with a 
reduction in cilia and microvilli at the attachment sites and an increase in secretory 
function of these cells (Adams et al., 2005; Adams et al., 2007a; b; Biazik et al., 
2010). These morphological changes allow close contact between membranes which 
may facilitate the transfer of nutrients between the maternal and embryonic tissue 
(Murphy et al., 2000; Ramirez-Pinilla et al., 2012; Blackburn and Starck, 2015).  
Changes to the lateral plasma membrane during “receptivity” are common among 
viviparous mammals, regardless of the invasiveness of the placental type that forms 
(Table 2). There is a redistribution or complete breakdown of adhesion complexes 
along the lateral plasma membrane, even in species with no invasion, such as the 
marsupial macropodids. There is a reduction in the number of desmosomes in 
therians with invasive placentation, for example R. norvegicus, Mus musculus, Homo 
sapiens and Sminthopsis crassicaudata, but also in the skink Lerista bougainvillii, 
which forms a non-invasive type I placenta (Table 2; Biazik et al., 2010).  
7.2 Molecular changes during pregnancy  
Key cell-cell adhesion molecules that form part of a desmosomal complex (e.g. 
desmogleins, desmocollins, desmoplakins) redistribute during uterine receptivity. 
These molecules redistribute to the apical region of the lateral plasma membrane in 
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most species (Illingworth et al., 2000; Biazik et al., 2010; Dudley et al., 2015 chapter 
2; 2018a chapter 5); 2018b chapter 6), but they redistribute to the nuclei or stromal 
cells in a few marsupial species with non-invasive placentation (Laird et al., 2017a). 
The composition of the uterine fluid needs to be regulated during pregnancy 
(Kelleher et al., 2016) and is facilitated by extension of the tight junctions during 
uterine receptivity, triggered by high concentrations of progesterone (reviewed in 
Murphy, 2000b). The deepening of the tight junctions regulates paracellular 
permeability, which is controlled by occludin and claudin (Orchard and Murphy, 
2002; Adams et al., 2007b; Biazik et al., 2007; 2008; Laird et al., 2014). Similarly, 
there is a reduction in the permeability of the tight junction in some squamate 
species, but there is no expression of occludin, suggesting that the mechanisms 
regulating the extension of the tight junction differ between squamates and therians 
(Biazik et al., 2007). 
Alterations to key molecular components of the adherens junction (e.g. E-cadherin 
and pan-cadherin) are similar among therian and viviparous squamate species 
(Hyland et al., 1998; Dudley et al., 2017 chapter 3). E-cadherin dissociates from the 
lateral plasma membrane becoming cytoplasmic during the period of receptivity in 
therian species regardless of the placentation type that follows (Dudley et al., 2017 
chapter 3; 2018a chapter 5; 2018b chapter 6). Pan cadherin concentrates to the apical 
region of uterine epithelial cells during receptivity in the laboratory rat (Hyland et al., 
1998). The changes to adherens junction markers suggest that the adherens junction 
breaks down at the time of uterine receptivity, contributing to the weakening of 
lateral adhesion and allowing invasion by the blastocyst. 
The loss of the adherens junction and redistribution of associated proteins occurs 
during uterine receptivity in species that develop a haemochorial placenta (Hyland et 
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al., 1998; Jha et al., 2006; Buck et al., 2012), as well as in species with 
endotheliochorial (Guo et al., 2010; Dudley et al., 2017 chapter 3; Dudley et al., 
2018a chapter 5; Dudley et al., 2018b chapter 6) and epitheliochorial placentation 
(Satterfield et al., 2007) where the epithelium is not lost. The commonality of this 
loss of lateral adhesion in species with non-invasive and invasive placentation 
suggests that the basal lamina that attaches to the underlying stroma during the non-
pregnant state may be undergoing different changes in species with haemochorial 
placentation to facilitate the invasion of the epithelium. There is a complete loss of 
basal attachment in species with haemochorial placentation, such as R. norvegicus, 
which facilitates the removal of the epithelial cells during implantation (Kaneko et 
al., 2008). In contrast, focal adhesion proteins are recruited to the basal lamina during 
the time of attachment in the marsupial S. crassicaudata with endotheliochorial 
placentation (Laird et al., 2014). Focal adhesion pathways are enriched during 
implantation in the rabbit with haemochorial placentation (Liu et al., 2016). The 
recruitment of basal anchoring molecules such as talin and paxillin also occurs in 
marsupial species with non-invasive epitheliochorial placentation, including 
Macropus eugenii and T. vulpecula (Laird et al., 2017a) suggesting that the loss of 
basal attachment in marsupial species with invasive placentation is not facilitated by 
the redistribution of talin and paxillin.  
7.3 The evolution of placentation 
Epitheliochorial placentation is thought to be the derived placental state in eutherians 
(Vogel, 2005), but there is controversy over whether the plesiomorphic state 
(ancestral trait) is endotheliochorial (Mess and Carter, 2006; Martin, 2008) or 
haemochorial (Wildman et al., 2006; Elliot and Crespi, 2009). The stem placentation 
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type is haemochorial in Rodentia, which changed secondarily to the less invasive 
endotheliochorial type in species such as those within the family Heteromyidae 
(Mess et al., 2003; Carter and Enders, 2004). Similar ultrastructural and molecular 
changes to the uterine epithelium preceding implantation occur in D. merriami and 
R. norvegicus, despite having differing placental invasiveness (Chapter 6). The 
similarities in morphological and molecular characteristics between these two species 
suggest they are necessary for uterine receptivity within Rodentia.  
Within Carnivora, most species have, presumably derived, endotheliochorial 
placentation (except for hyaenas; Enders and Carter, 2012).  Based on phylogenetic 
analysis, ungulates and Carnivora group together within the clade Ferungulata (part 
of Laurasiatheria), which all have epitheliochorial placentation except for Carnivora. 
It is proposed that the reversal in Carnivora to invasive placentation was due to 
different constraints on the immune system caused by this lineage’s reversal to 
shorter gestations with larger litters of altricial young (Carter and Mess, 2017). Even 
so, changes to the uterine epithelium during uterine receptivity in F. catus resemble 
those of other eutherian, marsupial and squamate species with a variety of non-
invasive and highly invasive placentae types (Chapter 5).  
There are common changes to the uterine epithelium preceding implantation in 
marsupials such as S. crassicaudata (Chapters 2, 3 and 4). Transcriptomic analysis of 
S. crassicaudata and M. domestica show similarities in gene expression relating to 
attachment and implantation with eutherian species (Whittington et al., 2018; Griffith 
et al., 2017a). The commonality of changes in the plasma membrane across animals 
with independent origins of placentation and placental invasiveness suggest that 
these changes are necessary for attachment and implantation in viviparous mammals.  
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7.4 Gene expression during pregnancy 
Sequencing technology allows the study of differentially expressed genes in the 
uterus and placenta during pregnancy across taxa (Gundling and Wildman, 2015). 
Marsupials have fewer stromal cells during pregnancy than eutherians and 
decidualization does not occur (Wagner et al., 2014). There is an upregulation of 
genes relating to the innate immune response in a marsupial endometrial stromal 
fibroblast cell type (Kin et al., 2016). The same immune genes are not expressed in a 
eutherian endometrial stromal fibroblast cell line that decidualizes, suggesting that 
the loss of these genes plays a role in decidualization within eutherian species with 
invasive placentation (Kin et al., 2016).  
Analysis of differential gene expression during pregnancy can identify molecular 
mechanisms for uterine receptivity and determine whether the genetic mechanisms 
behind uterine receptivity have been co-opted between the different lineages of 
placentation. Despite the differences in decidual gene expression among the different 
forms of therian pregnancy, there are transcriptomic similarities among viviparous 
amniotes indicating convergence of common mechanisms (Brandley et al., 2012; 
Van Dyke et al., 2014; Griffith et al., 2016; Hansen et al., 2016; Griffith et al., 
2017a; b; Whittington et al., 2018). Genes related to steroid hormone synthesis are 
regulated during pregnancy in both viviparous and oviparous amniotes, with a loss of 
genetic expression in placentotrophic lineages, suggesting that the evolution of 
viviparity does not require the presence of specific hormone related genes (Griffith et 
al., 2017a). Differential expression of genes that effect the action of oestrogens and 
progesterone are common among therians while the downregulation of mucin 
glycoproteins during the pre-implantation period is common among viviparous 
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amniotes (Griffith et al, 2017a; Whittington et al., 2018). Also, similar expression of 
remodelling genes are present between viviparous amniotes during pregnancy. For 
example, genes effecting cadherin expression are differentially expressed in S. 
crassicaudata, the dog and mouse throughout pregnancy (Jha et al., 2006; Guo et al., 
2010; Whittington et al., 2018). The downregulation of cadherin associated genes 
correlates with the morphological changes occurring to the uterine epithelium with 
the loss of the adherens junction at attachment and implantation of the blastocyst in 
S. crassicaudata and F. catus (Dudley et al., 2017 chapter 3; Dudley et al., 2018a 
chapter 5). Comparative studies such as these, which further distinguish the changes 
to the maternal and fetal membranes on an ultrastructural level, are needed to 
understand how the genetic mechanisms affect the structure and function of the 
tissue (Carter and Mess, 2007). 
7.5 Hormonal regulation of pregnancy 
Amniote pregnancy is regulated by similar hormonal mechanisms. The effects of 
oestrogens and progesterone have been determined during pregnancy in squamates 
(reviewed in Murphy and Thompson, 2011), marsupials (reviewed in Bradshaw and 
Bradshaw, 2011) and eutherians (reviewed in Bazer et al., 2009). Circulating 
progesterone is increased and maintained during pregnancy among amniotes 
(Lombardi, 1998; reviewed in Griffith et al., 2017b). This thesis shows that the 
desmosome and adherens junction are disrupted in S. crassicaudata, leading to a 
decrease in lateral adhesion when exposed to exogenous progesterone and 17β-
oestradiol, mimicking the hormonal environment of uterine receptivity (chapter 4). 
There are similarities in the molecular and cellular changes due to exposure to steroid 
hormones in eutherian and marsupial species, suggesting that the plasma membrane 
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transformation and uterine receptivity are regulated by the same hormonal signals 
across therians (Chapter 4). The changes in circulating levels and presence of 
progesterone and oestrogens during pregnancy in all amniotes studied suggest that 
uterine receptivity may be similarly regulated in all viviparous amniotes.  
7.6 Future directions 
Placental morphology and phylogenetic relationships of most marsupial families is 
not well understood (Freyer et al., 2003; May-Collado et al., 2015). Phylogenetic 
analyses suggest that an inflammatory implantation reaction and invasive yolk sac 
placentation may be ancestral for marsupials such as the endotheliochorial 
placentation in the Dasyuridae and Didelphidae (Mess and Ferner, 2010; Griffith et 
al., 2017a). Therefore, non-invasive placentation in both eutherian mammals and 
marsupials is likely to be secondarily derived (Carter and Mess, 2007; Elliot and 
Crespi, 2009; Mess and Ferner, 2010; Ferner and Mess, 2011; Carter and Enders, 
2013). Monodelphis domestica and Philander opossum have invasion of the 
blastocyst at the trilaminar yolk sac, whereas invasion occurs at the bilaminar yolk 
sac in Dasyurus viverrinus and S. crassicaudata (Freyer et al., 2003). However, it 
has not been confirmed whether other species from Didelphidae have invasive 
placentation and whether this attachment occurs on the trilaminar side of the yolk sac 
(Harder et al., 1993). Peramelidae are thought to have invasive placentation 
(Padykula and Taylor, 1976), but further ultrastructural analysis using electron 
microscopy is needed to confirm this.  
 
Therians have the same suite of reproductive hormones that underpin pregnancy and 
the oestrous cycle (Amoroso et al., 1980; Renfree, 1994; Chapter 4). However, 
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understanding the effect of hormones during pregnancy is difficult in many 
marsupial species as there is no complete hormone profile throughout the oestrous 
cycle and pregnancy in most marsupial taxa other than some of the macropods 
(Renfree, 1994; Hesterman et al., 2008; Hickford et al., 2009; Bradshaw and 
Bradshaw, 2011). This may however improve with advancements in fecal steroid 
hormone analysis using enzyme-linked immunosorbent assays (ELISAs) and 
radioimmunoassays (RIAs), since the presence of reproductive hormones can be 
monitored using non-invasive methods (Ostrowski et al., 2005; Hesterman et al., 
2008; Kumar et al., 2013; Gesquiere et al., 2015). However, there are limitations to 
this method due to variability between animals based on age and the degradation of 
the circulating hormones to their metabolites (Heistermann et al., 2006; Kusuda et 
al., 2013; Gesquiere et al., 2015). Therefore, ELISAs and RIAs are useful to 
determine the presence or absence of hormones at a timepoint. However, a 
comprehensive profiling of circulating reproductive hormones such as oestrogens 
and progesterone during pregnancy would be useful in marsupial species for the 
characterization of their ovarian cycles.  
I have shown that E-cadherin dissociates from the lateral plasma membrane of 
uterine epithelium immediately preceding implantation, suggesting that there is a 
breakdown of lateral cell adhesion in several therian species that develop 
endotheliochorial placentae (Dudley et al. 2017 chapter 3; Dudley et al. 2018a 
chapter 5; Dudley et al., 2018b chapter 6). Catenins are an adherens junction protein 
that can accumulate in the nucleus for regulating target gene transcription but, when 
stabilised within the cell, forms a complex with E-cadherin controlling cell-cell 
adhesion (Tang et al., 2008). It is likely that dysregulation of this complex and 
changes in apical-basal polarity causes the breakdown of the adherens junction. To 
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test this hypothesis, comparative studies across mammalian species are needed using 
immunofluorescence microscopy, flow cytometry, western blotting and electron 
microscopy to determine the changes to focal adhesions, β-catenin and basal 
membrane molecules talin and paxillin. 
The placenta is a diverse organ, which can have varying degrees of placental 
invasion into the epithelium across the entire uterus. Animals, such as S. 
crassicaudata, with diffuse placentation have numerous villous placental regions 
throughout the uterus whilst species with zonary interdigitation have a thick band of 
placental tissue across the chorionic sac of each developing embryo (reviewed in 
Furukawa et al., 2014). Immunofluorescence microscopy and immunohistochemistry 
analysis is limited to a number of sections due to the size of the organ. However, new 
microscopy techniques such as light sheet microscopy allow whole tissue staining 
and optical clearing of organic solvents to provide an image of targeted proteins 
across the entire organ (Mzinza et al., 2018). This type of analysis would confirm 
whether there are molecular differences in localisation across the uterine epithelium 
of apposing regions of the placenta (e.g. bilaminar yolk sac and between attachment 
points) in S. crassicaudata, F. catus and D. merriami. The use of this technique 
would determine if the same remodelling of the uterine epithelium occurs 
consistently across different regions of the uterus at attachment and implantation 
within marsupial and squamate species. This technique could be used to target key 
epithelial cell markers such as E-cadherin and EpCAM, similar to the study by Chen 
et al., 2011, using pluripotent stem cells.  
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7.7 Concluding remarks 
This thesis shows that the plasma membrane transformation occurs in S. 
crassicaudata, D. merriami and F. catus. This type of remodelling of the uterine 
epithelium preceding the period of uterine receptivity appears to be a conserved 
feature within therian pregnancy that occurs regardless of the placental type that 
subsequently forms. This thesis also showed that uterine receptivity and the plasma 
membrane transformation in marsupial and eutherian pregnancy is under the same 
endocrine control and may be an ancestral feature of therian mammals. Similar 
redistribution of adhesion complexes along the lateral plasma membrane of uterine 
epithelial cells during pregnancy across viviparous amniotes suggests that these 
changes are necessary for uterine receptivity. In addition, I propose that changes to 
the basal plasma membrane may facilitate the invasion of the epithelium in 
endotheliochorial and haemochorial placentation. In summary, this thesis has made a 
major advance in our understanding of the plasma membrane transformation in 
mammals with endotheliochorial placentation and how uterine remodelling shapes 
the convergent evolution of this placentae type within several therian lineages.   
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